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1.0 SUMMARY

A ROTO architecture, braking and steering control law and display designs for a research high
speed Rollout and Turnoff (ROTO) system applicable to transport class aircraft are
described herein. Minimum surface friction and FMS database requirements are also
documented. The control law designs were developed with the aid of a non-real time
simulation program incorporating airframe and gear dynamics as well as steering and braking
guidance algorithms.

An attainable objective of this ROTO system, as seen from the results of this study, is to
assure that the studied aircraft can land with runway occupancy times less than 53 seconds.
Runway occupancy time is measured from the time the aircraft crosses the runway threshold
until its wing tip clears the near side of the runway. Turnoff ground speeds of 70 knots onto
30 degree exits are allowed with dry and wet surface conditions.

Simulation time history and statistical data are documented herein. Parameters which were
treated as variables in the simulation study include aircraft touchdown weight/speed/location,
aircraft CG, runway friction, sensor noise and winds. After further design and development
of the ROTO control system beyond the system developed in reference 1, aft CG MD-11
aircraft no longer require auto-asymmetric braking (steering) and fly-by-wire nose gear
steering. However, the auto ROTO nose gear hysteresis must be less than 2 degrees.

The 2 sigma dispersion certified for MD-11 CATIIIB is acceptable. Using this longitudinal
dispersion, three ROTO exits are recommended at 3300, 4950 and 6750 feet past the runway
threshold. The 3300 foot exit is required for MD-81 class aircraft.

Designs documented in this report are valid for the assumptions/models used in this
simulation. It is believed that the results will apply to the general class of transport aircraft;
however further effort is required to validate this assumption for the general case.






2.0 INTRODUCTION

OBJECTIVES

The objective of this study was to design a research ROTO guidance and control system
which will be used to develop operational ROTO requirements for both automatic and
manual piloted operation under normal and reduced visibility conditions. This ROTO
system will utilize the satellite navigation system called Global Position System (GPS)
operated in a differential mode.

The study addresses the design of :

a variable auto-braking control law,
a steering control law,

ROTO exit prediction logic,
ROTO arming procedures, and
ROTO displays.

Another objective is to develop the runway/exit friction and navigational database
requirements.

Manual ROTO steering and deceleration guidance control laws were not designed as part of
this study.

REQUIREMENTS

The requirements used in this study are outlined in reference 1. The requirements were:

Nose Wheel/Rudder Steering
Braking/Reverse Thrust

Touchdown Dispersion

Navigation Noise and Update Rates
Longitudinal/Lateral Acceleration and Jerk
Control Law Update Rates






3.0 ROTO CATIIIB ARCHITECTURE

A preliminary assessment of the impact of CATIIIB requirements on the High Speed ROTO
system requirements has been made and is herein described. The first step was to create a
preliminary Functional Hazard Analysis to assign levels of criticality to the various functions
and components of the ROTO system. A top level system diagram was prepared to
facilitate the analysis and identify the main hardware or software elements of the system.

The results of the FHA were used to help determine the level of redundancy of various
system elements and identify special monitoring or procedural requirements. The results of
the following Functional Hazard Analysis suggest that most of the ROTO system
components supply a critical function and erroneous outputs or loss of function at a critical
time can produce hazardous or even catastrophic results. In order to satisfy FAA and other
safety requirements it is therefore necessary to show that no single failure or combination of
failures not shown to be extremely improbable will produce these results. In some cases this
1s accomplished with simple redundancy and monitoring. In other cases where adequate
redundancy alone is impractical, it will be necessary to rely on showing that a more modest
level of fault tolerance combined with a short exposure time to the critical case is sufficient.

In fact for much of the system components and interfaces, the redundancy and monitoring
required to satisfy the concerns elicited by the attached FHA are already provided by the
basic CATIIIB autoland system. Only the new components/tasks imposed by auto and
manual High Speed ROTO function are addressed here. The shaded areas in figures 3.1 and
3.2 identify these items which are discussed below.

It 1s assumed that any software/hardware failure on the runway would revert to non-ROTO
and a failure on the exit would remain in its current mode; auto or manual. The pilot would be
free to take over from auto ROTO if he chooses.

FMS Data Base

The accuracy of the airport runway and taxiway geometric information provided by the FMS
i1s critical to the ROTO guidance commands. In addition to assuring the data accuracy when
loading the data into the database, detection of any failure affecting the data during use will be
necessary. It would be unrealistic to assume more than two FMS functions can be provided.
If there are only two FMS data bases, it is not clear how this can be construed fail operational
unless all necessary data is transmitted to the ROTO computers prior to the start of the
autoland after being validated by cross checking. FMS data may also contribute to estimating
aircraft weight, drag and thrust characteristics; which are inputs to the ROTO software exit
prediction logic.

[A dual FMS and data base is assumed.]



GPS

Positioning data provided by the DGPS receiver and associated local area augmentation signal
source must be fail operational and provide the necessary reliability level to meet the
"extremely improbable" criteria for loss of function. It is assumed this would also be the
source of position data for the autoland guidance. No additional Integrity requirements would
be imposed as a result of the ROTO function.

[The DGPS airborne elements are assumed to be triplex with outputs voted within
each using computer (ROTO and/or FCC).]

VHF Communications Link with Ground Station

Transmittal of estimated runway friction coefficient to the approaching aircraft is not a
critical element since its absence would not affect the safety of the rollout. However, its
accuracy and integrity must satisfy some minimal reliability requirement in order to take
credit for advance prediction of the turnoff to be used.

The integrity of the voice communications with the control tower may be more critical since
it 1s conceivable that a last minute abort may be required as a result of a taxiway
encroachment incident. The tower would be expected to detect this situation and alert the
approaching aircraft. The combination of the probability of this event and the probability of
loss of VHF communications should be sufficiently remote that no new requirements are
imposed on the communications link.

[VHF communications are assumed to be dual.]

ROTO Computer

All steering and deceleration commands originate in this unit both for automatic and manual
mode of operation. The accuracy of commands and continuity of function must be assured
throughout the rollout. This function would likely be incorporated within the same
computers as the autoland functions (viz.; flight control computer), although it has been
shown as a separate element on the reference diagram for clarity of function.

[A dual-dual or triplex implementation is assumed.]

Servo Backdrive for Rudder Pedals and Tiller

For pilot situational awareness, backdrive of all control functions except braking has been
deemed to be necessary during the automatic ROTO mode. For the rudder pedals this should
impose no new requirements since it would also be required for normal CATIIIB autoland.

In addition to backdriving the tiller for situational awareness, auto ROTO now requires the



ROTO computer to command the tiller via a dual servo which is fail passive (similar to MD-
80 autopilot servo). The tiller signal compensates for the hysteresis in the rudder to nose
gear mechanical control system. A dual fail passive servo is deemed adequate because a servo
failure on the runway would revert to non-ROTO. Unlike other failures, this particular tiller
servo failure on the exit would revert to manual ROTO, due to the undesirable MD-11 auto
ROTO nose gear hysteresis greater than 2 degrees without tiller compensation.

[Dual backdrive for rudder pedals and simplex for tiller backdrive is assumed.]

Servo Drive for Reverse Thrust Control

If reverse thrust is judged to be necessary for adequate deceleration performance in automatic
mode, then the position of the throttle levers will have to be moved to reflect the engine
commands even with reversers deployed. This could be a significant complication unless a
clever mechanical design of the throttle quadrant is contrived that allows the autothrottle
servo[s] to move the levers while in reverse thrust command position as well as normal
position.

[A dual throttle servo is assumed.]

Braking System

Braking action in response to variable automatic or manual commands must be dependable
and consistent in order to achieve the deceleration profiles required to make the designated
high speed turnoffs. Some current aircraft have dual braking systems. This should be
sufficient to satisfy reliability and safety requirements if it can be shown that there is no loss
of control for a single system failure and that the system adjusts adequately to the reduced
braking pressure available. The braking computer is also required to be fail operational.

[A dual braking system is assumed.]

Nose Gear Steering Actuation

This (along with baseline rudder control) is the most critical function of the high speed
ROTO system. Failure of steering function at a critical moment would probably be
catastrophic. All portions of the control path from and including the ROTO computer/FCC
to the actuators and connecting linkages must be shown to be fail operational. An anti-
hysteresis software/tiller cable grabber system will reduce MD-11 auto-ROTO nose gear
hysteresis down to an acceptable 2 degrees.

[A dual installation is assumed.]



ROTO Display(s)

If the ROTO maneuver is required to be initiated manually, then the every element required
for satisfactory control must be fail operational. This includes the mechanism for display of
runway map and/or command guidance. Loss of displayed information at a critical time is
unacceptable. Dual display mechanisms are certainly a requirement. Furthermore, it must be
shown either that the loss of the pilot's display at a critical moment is extremely improbable,
or that it is possible to transfer control between pilots without significant disturbance even
during the critical time.

[A dual display arrangement with fail obvious characteristics is assumed].

A preliminary reliability analysis has been performed to show that the redundancy levels
selected for critical system components is adequate. This analysis is included following the
FHA. In addition to the simple component redundancy and theoretical reliability analysis, it
will also be necessary to show that no single point failures or common failure modes exist
that could invalidate the redundancy. For example, possible software errors must be
eliminated either by stringent design and test measures or by application of dissimilar design
techniques or a combination of both.



PRELIMINARY FUNCTIONAL HAZARD ANALYSIS

INTRODUCTION

This preliminary functional hazard analysis (FHA) was prepared in accordance with DAC
Design Safety Manual PD-503 and FAA Advisory Circular 25.1309-1A. It is an initial risk
assessment of the functions and evaluates and identifies critical safety areas for potential
hazards. This information is used in developing system safety requirements and establishing
the framework for other analyses. While the FHA is not a compliance document, it is the
basis for certain design decisions and does provide guidance for decisions on other analyses
for certification.

The purpose of the FHA is to develop safety design requirements for the system(s) which
will perform the function being considered and establish the framework for the Certification
Plan and subsequent assessments. It provides information about potential functional failure
conditions which should be used for establishing the required system architecture, software
integrity level requirement, system separation and isolation requirement, and minimum
equipment list (MEL) requirements. The subsequent design and development process must
result in a system which, as installed, can be shown to meet applicable FAR Part 25 safety
standards.

SYSTEM DESCRIPTION

The baseline high-speed rollout and tumoff (ROTO) guidance and control system architecture
approach is shown in figure 3.1 and 3.2. The ROTO system architecture provides for an
automatic ROTO mode as well as a manual ROTO mode. Both modes require the following
equipment/functions:

1. A ROTO navigation input which is provided primarily by a global positioning system
(GPS) operated in a differential mode and supplemented by an inertial reference
system.

2. Ground operational data such as available exits, exit speeds, winds, temperature,
surface conditions, other aircraft, runway friction, aircraft weight, etc.

3. ROTO exit locations/geometry which is permanently stored in the flight management
system (FMS).

4. Control panel for the selection or de-selection of ROTO automatic or manual mode as
well as ROTO abort.

5. ROTO displays that provides the ROTO guidance information on the head-up-
display (HUD) and/or primary flight display (PFD).



Flight control computer to provide nose gear steering control, rudder actuation, and
feedback signals to backdrive the tiller, rudder pedals, and throttle levers.

Brake computer to provide the braking function
Reverse thrust function.
ROTO computer

In the automatic ROTO mode the following operational sequence of events occurs:

1.

N Los W

Air traffic controller (ATC) offers all available ROTO exits to the ROTO software.
ROTO software offers the pilot one ROTO exit.

Pilot arms (accepts) ROTO exit.

ROTO deceleration provided by the auto braking and auto reverse thrust

Auto ROTO steering using the rudder, and nosewheel steering.

Pilot monitors the ROTO automatic mode by the HUD and/or PFD.

In the manual mode, the following operational sequence of events occurs:

1.
2.
3.
4

. Pilot brakes, commands reverse thrust, and steers onto the ROTO exit by following

ATC offers all available ROTO exits to the ROTO software.
ROTO software offers the pilot one ROTO exit.
Pilot arms (accepts) ROTO exit.

the ROTO guidance information provided by the ROTO displays either on the HUD
and/or PFD. If the pilot preselects auto brake/auto reverse thrust manual ROTO
mode, the sequence 4 event is changed and an event 5 is added as follows:

ROTO deceleration provided by auto braking and auto reverse thrust

5. Pilot steers onto ROTO exit by following the ROTO guidance information provided

by the ROTO display either on the HUD and/or PFD

Refer to figure 7.2 for a pictorial representation of the automatic and manual ROTO modes
operational concept.

Preliminary ROTO guidance and control system architecture definition has identified the
ROTO computer, the backdrive servos for the tiller, throttle levers in the reverse thrust
mode, and variable auto-braking as the major unique ROTO system hardware additions to the
baseline large and/or heavy transport aircraft. Modifications to the baseline aircraft system
equipment are anticipated to be needed also to meet reliability and safety requirements, but
the specific modifications have not been determined at this time.
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SYSTEMS FUNCTIONS

The initial step in the development of the preliminary ROTO FHA consists of the
identification of the ROTO system functions. The following functions list has been
established for the preliminary FHA:

1. ROTO navigation

2. Runway acquisition clearance
3. ROTO steering guidance

4. ROTO deceleration

5. ROTO displays

HAZARD CLASSIFICATION

The hazard classifications used in this FHA are derived from requirements set forth in the
Code Of Federal Regulations (CFR) and are defined as follows:

Class IV (Minor): Failure conditions which would not significantly reduce airplane safety,
and which involve crew actions that are well within their capabilities. Minor failure
conditions may include, for example, a slight reduction in safety margins or functional
capabilities, a slight increase in crew workload, such as routine flight plan changes, or
inconvenience to occupants.

Class III (Major): Failure conditions that would reduce the capability of the airplane or
the ability of the crew to cope with adverse operating conditions to the extent that there
would be, for example, a significant reduction is safety margins or functional capabilities,
a significant increase in crew workload or in conditions impairing crew efficiency, or some
discomfort to occupants.

Class II (Hazardous): Failure condition which would reduce the capability of the airplane
or the ability of the crew to cope with adverse operating conditions to the extent that
there would be, for example, a large reduction in safety margins or functional capabilities,
higher workload or physical distress such that the crew could not be relied upon to
perform its tasks accurately or completely, or adverse effects on occupants.

(Note: AC 25.1309-1A refers to this condition as "severe major.")

Class I (Catastrophic): Failure conditions that would prevent continued safe flight and
landing.

11



AC 25.1309-1A defines continued safe flight and landing as:

"The capability for continued controlled flight and landing at a suitable airport, possibly
using emergency procedures, but not requiring exceptional pilot skill or strength. Some
airplane damage may be associated with a failure condition during flight or landing"

SUMMARY OF RESULTS/RECOMMENDATIONS

The following summary of results/recommendations are based upon the functional hazard
analysis worksheets contained in Appendix A beginning on page A-133. Tables 3.1 and 3.2
present the summary of Class I and Class II hazards. The FHA worksheets have been
prepared based upon the high level ROTO guidance and control system functional and
operational description presented in the SYSTEM DESCRIPTION section above. The
objective is to identify top level critical system hazards and provide a high level system
design approach to address the identified hazards in terms of system architecture
recommendations/ considerations, such as selective application of redundancy, increased
equipment reliability, failure monitoring concepts/schemes, etc.. Based upon tables 3.1 and
3.2 summary of Class I and Class II hazards, the following system architecture
recommendation/.considerations have been developed and are provided in tables 3.3 and 3 .4.
Tables 3.3 and 3.4 include the system function, hazard description, baseline aircraft or unique
ROTO system critical equipment that contributes to the Class I or Class II hazards, and the
specific system architecture recommendations/ considerations for each identified critical
system.

CONTINUING STUDIES/ANALYSES

One of the primary tasks of the reliability and safety effort for the design development
process of the ROTO guidance and control system architecture will be the continuing
development of the quantitative and qualitative tradeoff parameters for the selection process
of fault-tolerant architecture. This initial preliminary FHA and the summary of system
architecture recommendation/considerations for Class I and Class II hazards presented in
tables 3.3 and 3.4, form the basis for these continuing studies/analyses. As mentioned in the
preceding System Description section, modification to the baseline aircraft system equipment
have not been determined at this time, but the development of theses unique modifications
will be part of the continuing studies/analyses effort. In addition, the continuing reliability
and safety studies/analyses will provide the reliability and safety design criteria for
establishing the fault tolerant system architecture, software integrity level requirement,
system separation and isolation requirement, and minimum equipment list (MEL)
requirements that are part of the process in meeting the system safety certification
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requirements contained in the Federal Aviation Administration (FAA) Code of Federal
Regulation (CFR) Chapter I, Federal Aviation Regulation (FAR) Part 25.1309.

Examples of some of the ROTO guidance and control system architecture and critical
equipment issues that may be addressed in future studies/analyses include:

1. Selective application of reliability and safety enhancements such as redundancy,
increased equipment reliability, etc. for the following:

a. Global positioning system

b. ROTO computer

c. VHF data and communication channels

d. Flight control computer

e. Brake computer

f. ROTO display electronics that drives the HUD and/or PFD

2. Failure monitoring concepts/schemes that addresses:
a. Erroneous navigation data
b. Erroneous deceleration commands
c. Erroneous reverse thrust
d. Erroneous steering guidance
e. Erroneous rudder
f. Erroneous nosewheel steering

g. Erroneous aircraft weight information

13



ROTO SYSTEM RELIABILITY ANALYSIS

A preliminary reliability analysis was prepared based upon the current high speed rollout and
turnoff (ROTO) guidance and control system description. The preliminary ROTO system
functional hazard analysis established that the ROTO system quantitative safety certification
requirement shall meet the extremely improbable case as defined in the Federal Aviation
Regulation (FAR) Part 25.1309 and the Advisory Circular 25.1309.1A as follows:

The occurrence of any failure condition which would prevent the continued safe flight and
landing of the airplane is extremely improbable. Extremely improbable failure conditions
are those having a probability on the order of 1 x 10E-09 or less.

This preliminary reliability analysis is an integral part of the overall ROTO system design
development process by establishing the quantitative reliability probability estimate to
validate that the proposed ROTO system architecture has the potential to meet the
extremely improbable quantitative requirement.

The results of the ROTO system reliability analysis indicates that the estimated probability
of failure is 2.06 x 10E-10 as shown in table 3.5 ROTO SYSTEM PROBABILITY OF
FAILURE.

The reliability analysis was developed based upon the mean-time-between-failure values for
the applicable equipment as shown in the table 3.5, the ROTO system reliability block
diagram shown in figure 3.3, and an operational time of five minutes.

14



4.0 MODELING

The model used in this study was outlined in reference 1. The model was implemented in
both FORTRAN 77 and MATLAB SIMULINK diagrams, which have been delivered to
NASA Langley. The figure found in the appendix on page A-63 illustrates the MATLAB
SIMULINK ROTO top level diagram. The aircraft simulation is a 3 degree of freedom (yaw,
forward, lateral). It calculates aerodynamic, thrust and tire forces on the airplane and solves
the resulting equations of motion to determine aircraft accelerations, velocities and positions
during a simulated turnoff. The simulation also includes hydraulic models of the nosewheel
steening, rudder and autobrakes. The simulation begins at touchdown. The model includes
the following items:

ROTO Exit Geometry

Nosewheel, Rudder and Autobrake Actuation

Tire-runway Coefficient of Friction

Forces - Aerodynamic, Thrust, Braking Drag, Main & Nose Gear (Vertical & Side)
Aircraft Equations of Motion - Acceleration, Velocity, Position

Navigation

Winds

ROTO Control Laws

Exit Prediction Logic

An addition was made to the model to include rudder cable hysteresis (automatic ROTO) and
nose gear cable hysteresis. The figure in Appendix A on page A-112 illustrates the cable
hysteresis. The anti-hysteresis block is a software/hardware feature to minimize the auto
ROTO nose gear hysteresis to 2 degrees. This feature is described in the Steering Control
Law ROTO Design section 7.

15



A variety of aircraft types may be simulated by providing the simulation with unique aircraft
characteristics (i.e. dimensions, actuator, gear, aero and thrust characteristics). Some of these
characteristics are described below for an MD-11 and MD-81:

Unique Aircraft Characteristics

Landing Weight (1000 1b.)
CG
Landing Air Speed (Keas)
Wing Span (ft)
Aircraft Yaw Inertia (million slug-ft*2)
Wing Gear:
Number
Wheels/Gear
Center Gear:
Number
Wheels/Gear
Nose Gear:
Number
Wheels/Gear

Distance between wing and nose gear (ft)

Distance between wing gear (ft)

16

MD-11

340 to 480
12% to 34%
130 to 166
165

26

81
35

MD-81

82 to 128
-0.8% to 33.4%
110 to 143

108

4.1

72
17



5.0 DATABASE REQUIREMENTS

It is assumed that long term permanent data (ROTO exit geometry data) would be stored in the
Flight Management System (FMS) and temporary uplinked data (used in approach and roll-out)
would be stored in the Flight Control Computer (FCC).

FMS ROTO EXIT GEOMETRY REQUIREMENTS

The MD-11 FMS database currently stores its permanent navigation data in 1 MB. Storage capacity
1s therefor at a premium. Each 3 ROTO exit airport would require approx. 400 bytes of FMS
permanent storage. ROTO exit prediction logic requires approximately 20 aircraft parameters (4
bytes each) which could be permanently stored in the FMS.

1. The FMS database currently stores the runway threshold and end points in latitude/longitude
coordinates. ROTO requires that the resolution of these coordinates be an inch. This would
require the use of 1000ths of a second in polar notation or 7-8 decimal places using a 4 byte real
number notation.

2. ROTO requires that aircraft DGPS position accuracy be at least +/- 2 feet. The resolution of the
aircraft location should also be an inch. If the resolution is as much as 1 foot, the accuracy should
tighten to not be greater than +/- 1 foot.

3. ROTO, developed in this study, uses an X,Y coordinate system to represent the runway and its
exits. The runway is represented by the X axis with the threshold at the origin and the runway
extending along the positive X axis. The right side of the runway, as it appears to a landing
aircraft, has positive Y values and, therefore, a right hand exit would have positive Y values. The
runway centerline has zero Y values. The units (resolution) of X and Y should be 1/2 foot. The
accuracy of the X,Y coordinates should be an inch. The endpoint of a 12,000 foot runway would
have coordinates of X =24000 and Y = 0. The resolution of 1/2 foot allows X and Y to be
represented by 2 byte integers, thereby minimizing X,Y pair storage requirements.

4. An array of 2 byte integer X,Y coordinate pairs in units of 1/2 foot represents an exit as a series
of line segments. It is assumed that the exits cannot necessarily be represented by exact formulae
such as an arc. The length of any particular line segment must not cause any point of the line
segment to have a perpendicular error from the actual exit path greater than 1/2 foot. Using this
criteria requires about 22 X,Y pairs to represent a 2200 foot long ROTO spiral (reference 2) 30
degree exit, reference 2. The exit centerline radius (2 byte integer, required by steering control
law) 1s stored with each X,Y pair. Each 3 ROTO exit airport would require about 400 bytes of

17



FMS storage (3 * 2 bytes (X,Y,R) * 22 (2200 feet/~100 foot spacing) * 3 (3 exits/airport)). The
exit centerline radius values may be stored in units of feet.

5. The aircraft's latitude/longitude position must be projected onto the runway's X,Y coordinate
system using the following steps: (all trig functions must be accurate to 8 decimal places)

a) Convert latitude/longitude positions from the FMS data base (polar coordinates) to
floating point numbers.

- HE

RUNWAY

ENDPOINT
LATe/LONGe
A AIRCRAFT
POSITION
RUNWAY LAT2/LONGa
THRESHOLD
LATt/LONGt
DEG2FT = 6089ft . 60min
min deg
b) Calculate the angles e and a.
Angle e only needs to be calculated once as follows:
HE = abs (LONGt - LONGe )*DEG2FT* cos((LATt ; LATe) ) (feet)
-1 HE
VE = abs (LATt - LATe )*DEG2FT (feet) € = tan (E]
Angle a would be calculated as:
HA = abs (LONGt - LONGa }*DEG2FT* cos( (LATt ; LATa)](feet)

18



VA = abs (LATt - LATa )*DEG2FT(feet) a=tan ‘1(3—:)

¢) Account for the affect of runway direction in defining left and right side of the runway.

if (LONGe is to the east of LONGt) then
sign =1

else
sign = -1

endif

d) Calculate the distance A from the runway threshold to the aircraft location.

A= VA **2 + HA**2( feet)

e) Calculate the aircraft's X and Y position (4 byte real number) in units of 1/2 feet.
Aircraft's X position = A * cos(a - e) * 2 (1/2 feet)
Aircraft's Y position = sign*A * sin(a - e) * 2 (1/2 feet)

f) After calculating the aircraft’s lateral deviation/deviation rate from the runway/exit
centerline, the lateral deviation/deviation rate should be divided by 2 to convert them to
units of feet for use by ROTO control law algorithms.

19



FCC ROTO UPLINKED DATA REQUIREMENTS

The uplinked data required by ROTO are DGPS ground-computed corrections for the continuous
onboard update of the aircraft position and ground velocity and other data specific to the current
approach (runway friction measurements, winds, available exits and exit speeds) for use by the
ROTO exit prediction logic. If exit prediction were performed by ATC on the ground, the aircraft
would only need to know its designated ROTO exit and exit speed. However, the aircraft weight
may then have to be sent to the ground. All other data would still be required by the ATC. Memory
space for approximately 20 aircraft parameters (4 bytes each) need to be reserved in the FCC
(calculated) or FMS (permanent). A block diagram of the exit prediction algorithm is shown in figure
7.1.

Uplinked

1. All currently available ROTO exit locations and their accompanying exit entrance speeds. Exit
geometries are permanently stored in the FMS navigation database.

2. Friction: An array of speed dependent surface conditions at locations along the runway (approx.
250 feet spacing). The surface conditions should be an average or represent the entire 250 foot
length, otherwise exit prediction may result in false conclusions. The measurement spacing may
not be as important as its accurate representation of the distance it covers.

3. Uplinked estimated winds and onboard DGPS position and velocity data would be used to
predict the aircraft touchdown position and ground speed. Estimated flare distance may depend
on approach mode (autoland, ILS manual, non-ILS manual). The touchdown location of a non-
ILS manual approach may be difficult to predict. Use of ROTO exit prediction logic in ROTO
operation may require the engagement of ILS manual or autoland before ROTO can be engaged.
Estimated crosswind is also used within the exit prediction logic.

Onboard

1. Known (modeled) Aircraft Parameters:

Thrust: Arrays of the following thrust profiles:
Approach Idle versus Time
Approach Idle versus Airspeed
Ground Idle versus Airspeed
Reverse Idle versus Airspeed
Maximum Reverse versus Airspeed

Aircraft Wing Area
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Percent MAC
Distance from nose gear to CG
Distance from main center gear to CG
Distance from main wing gear to CG
Aircraft CG Height
Forward most CG
Aft most CG
Drag Coefficient at forward CG (based on aircraft configuration, surfaces deployed)
Drag Coefficient at aft CG (based on aircraft configuration, surfaces deployed)
Average Anti-skid Efficiency
Expected Nose Gear T.D. Time (time starts after main gear touchdown)
Reverse Thrust Available Flag
Automatic Reverse Thrust Available Flag
Maximum allowed deceleration
2. Estimated Aircraft Parameters:
Aircraft Weight
Aircraft CG
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6.0 FRICTION REQUIREMENTS

This section will describe friction requirements which were found through simulation and a
literature search.

SIMULATION RESULTS

The friction requirements from simulation results were developed with non-grooved runway
and exit models. Grooved runways and exits have a higher friction coefficient than non-
grooved ones and should be considered for the ROTO operation.

Minimum Allowed Runway Friction

The runway occupancy times documented in this report were determined with exit locations
at 3300, 4950, 6750 and 8000 feet past the runway threshold, using the non-grooved dry and
wet friction curves found in figure 6.4. Different exit locations may be required for lower
surface friction conditions (e.g. flooding, and ice). The exit locations used in this study will
accommodate some amount of flooding and ice less than 10% and 5%, respectively, of the
wet friction condition.

Some low-probability-of-occurrence, heavy/late MD-11 landings on a wet surface required a
ROTO exit past 8000 feet and, thus, were considered for this study to be non-ROTO
landings.

70 Knot ROTO Exit

For acceptable deceleration and steering on the 70 knot exit, the exit must have friction at or
better than the following runway condition combinations: (see Maximum Ground Coefficient
Friction for MD-11 Diagram, figure 6.4)

90% Textured Concrete Wet & 10% Textured Concrete Flooded
OR

95% Textured Concrete Wet & 5% Ice (0.02*Dry)
OR

At or above an average constant friction coefficient of 0.2 (i.e. alternating 0.35 and
0.05 patches smaller than 15 feet in length). The Minimum Allowed Runway Friction
section above allows a friction coefficient less than 0.2 on the runway. The Textured
Concrete Wet condition has a lower friction coefficient than 0.2 at runway speeds.
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If we assume that the entire exit has the Textured Concrete Wet surface condition, the largest
single contamination patch centered at 700 feet past the exit entrance (full exit width) is
the following: (see Maximum Ground Coefficient Friction for MD-11 Diagram, figure 6.4)

50 foot long patch of Textured Concrete Flooded
OR

15 foot long patch of Ice (0.02*Dry)

Friction Patches affect Exit Prediction Logic

The exit prediction logic using speed dependent measured friction along the runway at 250
foot intervals appears to be quite reliable. However, studying varying patches of friction has
shown that the prediction can be false if the measured runway friction has errors due to
friction patches not included in the measurements. Either the friction interval should be as
small as the smallest reasonable patch size (5-15 feet) or the measured friction should be an
average of the friction over the runway interval (250 feet) it represents. The current exit
prediction logic makes a few more incorrect predictions as available friction becomes more
critical with lower friction conditions.
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LITERATURE SEARCH

Introduction

The ROTO system was designed to provide safe runway operation on dry and wet runway
surfaces. The problems of operation for conditions or runways being contaminated with
water (flooded), ice, snow-packed, or slush have been identified and are discussed in this
section.

A goal of the research described herein was to develop a ROTO system to decelerate and
steer the aircraft onto high-speed runway exits and onto taxiways at entrance speeds to the
high-speed exit up to 70 knots. A suitable guidance and control (G&C) law to automatically
steer a transport aircraft along runway centerline, onto a high-speed runway exit, and finally
along a runway taxiway was to be developed. The system was also to be capable of
decelerating the aircraft by means of autobraking and auto-reverse thrust to the desired turn-
off and taxi speeds.

Adequate tire-runway interface friction for braking must be available for the system to effect
necessary longitudinal deceleration and lateral control. This section addresses the tire-runway
interface friction.

Operations

General

The runway friction during the high-speed tunoff is critical; therefore, it is
recommended that the runway in the vicinity of the turn be grooved. Further, the
grooving should be in a “diamond” patten. This type pattern will improve the friction
coefficient in all directions.

During the course of this study, CUSHION CUT, a manufacturer of pavement grinding
and grooving equipment, in near-by Torrance, CA, was visited. It was observed that all
passage-ways 1n their factory area were grooved. At the intersections there was cross-
grooving. From walking on the floor in shoes with hard leather soles it was noticed,
where the grooving was longitudinal, the lateral friction was high; whereas, in passage
way intersections, with a “diamond” groove pattern, the friction was high in all
directions.

This small example is believed to illustrate that cross grooving in the vicinity of the turn

would resist the tendency of the aircraft to skid laterally when the centrifugal forces are
highest.
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If moisture is on the pavement, grooving will also prevent reverted rubber hydroplaning
which may be started prior to the aircraft’s reaching the point of turning. In this type
of hydroplaning a pad of steam develops under the tire eliminating virtually all friction
between the main tires and the pavement preventing braking and directional control;
therefore it must be avoided.

Wet and Dry Runway

In beginning this discussion it is worthwhile to classify the “wet” runway as one which
is well soaked but with no measurable amounts of water.

An international group consisting of the Federal Aviation Administration (FAA), Joint
Aviation authorities (JAA) (European equivalent of FAA), Civil Aviation Authority
(CAA) (Bntish equivalent of FAA), Transport Canada (TC), National Aeronautics and
Space Administration (NASA), and Manufacturers: Douglas, Boeing, Airbus,
Gulfstream, Alenia, & Aerospatiale have been endeavoring to develop civil regulations
for take off field lengths that account for degraded stopping performance on wet
runways. To derive a conservative wet to dry friction ratio, data from some B737 tests
demonstrated wet runway landing certification results, in which the average airplane
braking coefficient on wet, grooved pavement exceeded 90% of the demonstrated dry
runway value. This is illustrated by figure 6.1. Additionally, selected pages from
NASA report SP-5073 (Reference 3 is shown by figures 6.2 and 6.3). These illustrate
various runway surfaces and degrees of wetness and flooding. On each of these is a
curve of 70% of dry friction coefficient. It may be seen that this curve shows adequate
friction margin for all depths of wetness when the surfaces are grooved.

From this discussion, the conclusion may be drawn that for the WET and DRY
RUNWAY, when grooved and adequate coefficient of friction margin exists, no problem
will exist in accomplishing the high-speed rollout and turnoff at 70 knots.

Contaminated Runway and High-Speed Exit

Advisory Circular No. 91-6B (Ref. 4) defines a contaminated runway as one with more
than 25% of the required field length, within the width being used, covered by standing
water or slush more than 0.125 inch (3.2 mm) deep, or that has accumulation of snow or
ice. Other situations would be appropriate to say it is contaminated if there is an
accumulation in critical areas such as the high speed for lift-off, or the high-speed exit.
The runway friction is as an average value. An average value is suitable for the runway,
but not for the exit. The specific exit friction must be determined. F or, if the aircraft
encounters a slick area while turning, it may skid out of control.
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Normal Deceleration

An assumption for ROTO operations is that the runway will have a first, second, and
third high-speed exit. Nominally on dry or wet runways, the airplane would decelerate
sufficiently to approach the first or second exit at 70 knots or less. The highspeed exit
would then be accomplished.

Low Deceleration

If the airplane could not decelerate to 70 knots at the first exit because of contamination
and a low friction level, the first exit would be aborted. If the deceleration is low enough
that 70 knots is exceeded at the second and third exits, these would be aborted also.

The aircraft would have to continue to the end of the runway before turnoff at a low
speed.

If an exit 1s aborted, a closely-spaced following aircraft would likely have to execute a
go-around, and the ROTO sequence would need to be modified.

Runway/Taxiway Surface Condition Sensors

It 1s recommended that Runway Surface Condition Sensors in accordance with (Ref. (5)
be installed in the runway and highspeed tumoff at locations and in quantities as
necessary to monitor critical areas. The highspeed turnoffs would likely be the most
critical locations requiring the greatest number of sensors. Otherwise, the general locale
of the airport -- its proximity to mountains, bodies of water, plains, etc.-, would dictate
their need and location on the runway.

Signals from the surface condition sensors, embedded in the exit surface, would be
monitored by the airport control tower. Evaluation of the sensors measurements would
allow the ROTO system to determine whether or not an automatic high-speed turnoff
could be accomplished.

Processing of the surface sensor measurements could indicate the acceptable speeds for
use of the high-speed exit. As may be seen on friction curves in figure 6.4, at this speed
adequate friction is available except for snow conditions to prevent lateral skidding of
the airplane.

Figure 6.4 also shows ice to have a coefficient of approximately 0.05; therefore,

movement of the airplane at the end of the runway would likely be accomplished with
an airplane tow-bar and tug.
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In addition to data from the surface sensors, friction information about the runways and
exits should be determined as necessary with continuous friction measuring equipment
as described in reference 1.

Discussion of Contamination

General

Under this heading the problems for potential operation on runways which are
contaminated by flooding, ice, packed snow, or slush are discussed. These are the basic
natural contaminants, which may be present in various forms, primarily due to
temperature. The biggest problem arises from any one of these contaminates if the
quantity is so great that it cannot be controlled. This results in closure of an airport,
and 1f the airport is a major hub, airports throughout the nation will be affected. Early
in January 1996, this was the case with many airports in the Eastern and Northeastern
part of the United States. This was extreme, but lesser extremes can and will affect the
operation of a High-Speed Rollout and Turnoff Guidance and Control System. The
effects of these extremes can be reduced and the system can be back in operation sooner
when certain precautions are made. Grooving the runway and exits is a highly
important consideration.

The basic effect of these extreme conditions is the closure of the airport or a particular
runway. The decision for closure can likely be made with more certainty than whether
or not an exit is capable of supporting a high-speed turnoff. Several factors affect the
precise determination of the friction level -- the particular contaminate; its roughness
and hardness; the condition of the runway surface, macro and/or micro surface texture;
temperature; condition of the airplane tires; calibration of the friction measuring devices;
their correlation with the aircraft being considered; and more. The FFA (The
Aeronautical Research Institute of Sweden) has made extensive studies concerning
snow, ice and slush on runways (Reference 6). One result showed that runway
temperature around 0 degrees C in combination with precipitation very often caused
great discrepancies between experienced and measured runway friction.

An average friction value for the highspeed turnoff is inadequate. The minimum
available friction value for a high-speed exit must be known. Ifa higher value is required
at any point during the turn for the desired turnoff speed, loss of lateral control of the
airplane could result. Thus, an average friction value for the high-speed turnoff is
madequate.

Flooding

Reference 7 summarized the research done relative to flooding during rainstorms,
hydroplaning, identification of slippery runways, progress in developing
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antihydroplaning procedures, and rubber deposit removal. Grooving is extolled --
particularly grooves made with saws having diamond chips embedded in their cutting
edge.

The exit speed of 70 knots is below the full hydroplaning speed of the MD-11;
however, at this speed there is a wedge of water under a portion of the tire. If the
pavement is grooved, the area of the wedge is reduced and more of the tire is in contact
with the pavement even though the rate of rain fall is sufficient to cause complete
flooding. Thus, some data supports the capability of making a high-speed exit on a
grooved flooded runway. This capability may depend on the details of all the variables
involved. Notwithstanding, based on the figure 6.4 friction curves the ROTO
Operation at 70 knots cannot be accomplished on flooded textured concrete.

Pack-Snow, Ice and Slush

Advisory Circular No. 91-6B gives guidelines, and recommendations concerning takeoff
and landing performance. It indicates that provisions should be for test measurements
to establish the runway braking coefficients for standing water, packed snow, slush and
ice. If such data is not available, appropriate data supplied by the manufacturer should
be used. For the aircraft being considered in this study, test data for all conditions are
not available, but training simulators data has been derived figure 6.4. This figure
indicates the coefficient for packed-snow is marginal, for slush, the friction is high; but
for ice, the coefficient is too low to consider.

These data correlate reasonably well with data from Ref. (8). This reference reports the
Aircraft and Ground Vehicle Friction Correlation Test Results Obtained Under Winter
Runway Conditions During Joint FAA/NASA Runway Friction Program. The aircraft
used for these tests were the B-727 and the B-737. The mu effective values recorded
for packed snow at 70 knots were between 0.15 and 0.21. The values for solid ice were
0.03 to 0.05 at 70 knots. There was no slush tested during this program.

Procedures for Minimizing the Affects of Contaminates

Weather in various parts of the world can be highly variable. Rain squalls can cause one
part of a runway to be flooded for some time while the other end is completely dry.
Freezing rain will stick to the pavement if it is already at or below freezing
temperatures. High gusting wind can make precise control of the aircraft difficult. The
snow fall can be so great that it exceeds the capability of the maintenance equipment to
remove it adequately. Aircraft cannot land or take off from the airport. In extreme
circumstances it must be closed. If precipitation rates are not too high and the
temperature is not too low, then with judicious maintenance the airport surfaces can be
kept free of contaminate such that they are not worse then wet conditions.
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Two important advisory circulars are AC No. 150/5320-12B (Ref. 9), and AC No.
150/5200-30 (Ref. 10). The first gives guidelines and procedures for design and
construction of skid-resistant pavements; pavement evaluation, and maintenance of
high-skid-resistant pavements. This circular covers both the Asphaltic Concrete and
Portland Cement Concrete. There is a good section on grooving for both types of
concrete. Information is given relative to friction deterioration, evaluation and
frequency of survey. The need for continuous friction measuring equipment (CFME)
and general specifications are given.

The second advisory circular provides information to assist the airport owner/and
operators in the development of acceptable airport snow and ice control programs.
Chapters are given on personnel and equipment organization for Winter Operations on
Airports; Airport Snow Removal Equipment -- Equipment selection, Services, and
minimum equipment; Snow and Ice Removal Procedures -- Snow control procedures,
Mechanical Methods and Chemicals for control and removal of snow and ice, and
chemical affects on friction; also, use of abrasives and Runway Friction Improvements.

Neither of these circulars are strictly directed toward, or provide specific instructions
relative to the High-speed Turnoff, but they serve to show the great amount of
organization, equipment and care necessary to assure winter safety. The requirements
for ROTO are more critical than addressed by the circulars and will require more study
to assure that all facets are recognized and satisfactory solutions are developed.

Summary and Conclusions

Problems which will be encountered during the ROTO Operation with contamination of

flooded water, ice snow-packed, and slush are discussed. Grooving of the pavement surface
will enhance the friction, particularly for contaminated conditions. A diamond groove pattern

will tend to cause improvement in all directions and is recommended in the area of the exit
turnoff.

Dry and wet (well soaked, but with no measurable water) runway/taxiway appear to be
satisfactory for accomplishing the high-speed rollout and turnoff at 70 knots.

Possible scenarios are discussed with varying amounts of contamination and location on the
runway & exits and the use of surface condition sensors. These devices strategically placed

can be monitored to indicate whether or not a safe turnoff can or cannot be made at a
particular exit or subsequent exit locations.

The runway friction coefficient must be measured at regular intervals along its length. This

data would be used by approaching aircraft.
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Precipitation rates cannot be controlled. If the airports’ available maintenance/cleaning
equipment can cope with the rate, the pavement will be no worse than wet for most
contaminates except for deluges of rainfall, snowfall and freezing rain.

Highspeed exits may be made for dry and wet conditions, slush, and for “flooded” if the
pavement surfaced is grooved and depth of water is not too great.

Highspeed exits should not be made on ice or packed-snow. The latter appears to be marginal
and should not be considered until further research and/or procedures are developed.

Recommendations

The goal of the ROTO concept is to provide a capability for landing airplanes every 50 seconds.
Undoubtedly there will be some weather and contamination conditions which will prevent this desire
from being met. The following considerations may help in meeting this criteria and/or clean-up of the
runway and turnoff during or after severe weather conditions.

On various runway surfaces the depth of tire tread may make a considerable difference in the tire-
runway interface friction. A method of determining and reporting the tire tread conditions would be
beneficial.

Reverted rubber hydroplaning is hazardous. Precise reasons for this occurrence should be determined
and measures taken to prevent.

When the 70 knot turn off cannot be met, a procedure for turnoff at lower speeds should be
determined. This will reduce the runway occupancy time to less than the airplane being taxied to the
very end of the runway.

There is a potential for the intersection of the runway and the highspeed turnoff, when the turnoff
has a large radius, to have a large flat area which would drain poorly. Cross sections of such
intersections should be studied to obtain optimum drainage.

Timing for the cleaning of the runway and taxiway after the subsidence of severe weather
may be critical, so, the coordination for removal of contaminant and the maintenance of the
airport/runway must be precise.
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7.0 ROTO DESIGN

All of the ROTO control laws have update rates at 20 Hz. In this study, all control
calculations that create the rate of an input are suspended if the input data is not fresh or is
dropped out. The navigation inputs are updated at 10 Hz. All control laws appeared to be
equally suitable for both MD-11 and MD-81 type aircraft.

AUTOBRAKING CONTROL LAW

The autobraking control law provides a variable deceleration command to the autobrake
system. The purpose is to decelerate the aircraft to the selected ROTO exit’s entrance speed
and then continue to decelerate on the ROTO exit so that the aircraft may stop prior to the
taxiway if desired. The deceleration command is limited to 9 ft/sec’ (heavy braking) and rate
limited so as to minimize longitudinal jerk. Some MD-11 simulation runs approached 9
ft/sec? during a portion of the runway. Inputs to the autobraking control law are the aircraft
ground speed, aircraft X,Y position, selected ROTO exit entrance X position, selected ROTO
exit entrance ground speed (70 knots used in this study), taxiway entrance X,Y position and
taxiway entrance ground speed. The top level diagram of the autobraking control law is
illustrated in Appendix A on page A-88, with lower diagrams thereafter. A simplified
representation is shown in figure 7.9.

This study assumed that the pilot engages reverse thrust and speed brakes as soon as
possible after touchdown, which will minimize the required braking. Auto-Reverse Thrust is
discussed in the next section. The autobrake system is referred to in reference 1 or in
Appendix A on page 125. A commanded deceleration results in brake pressure. The
actuation system is identical to the existing MD-11 autobrake system except that instead of 3
available settings (high, medium, low), the actuation model allows the setting to be
continuously varied by the autobraking control law. As in the existing system, the model
delays all braking until after spoiler deployment to ensure adequate vertical loading of the
main gear. Full braking ramp rates and gains are only available after nose wheel touchdown,
which is approximately 6 seconds after main gear touchdown.

In order to minimize runway occupancy time (ROT), it is desired to delay the onset of
braking until a ROT less than 53 seconds is assured. Safety issues might argue against this
practice. ROT begins counting when the aircraft is at the runway threshold. The logic to
begin braking is as follows:

1. Estimated final ROT is less than 53 seconds. OR

2. Estimated final ROT is increasing, ignore reverse thrust spool up time period. OR
3. Estimated final deceleration is greater than 6 - 8 ft/sec’ (logic dependent). OR

4. A 53 second ROT requires a constant deceleration greater than 7.5 ft/sec’.
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Logic item 1 minimizes the deceleration magnitude once it is guaranteed that the estimated
ROT is under our desired value. For logic item 2, if estimated ROT is Increasing we assume
that it is best to begin braking for the current exit rather than consider any later exit, even
though the other logic may show that the estimated ROT is greater than our desired value.
This logic should use a steady state estimated ROT, so we ignore the time during reverse
thrust spool up. This study assumed reverse thrust spool up has ended 6 seconds after main
gear touchdown. Logic item 3 uses current deceleration and deceleration rate to estimate a
final deceleration. Logic item 4 attempts to keep a constant required deceleration under 7.5
ft/sec’ for the desired ROT value.

When braking begins, a linearly decreasing speed profile versus the distance to the selected
exit is created. The deceleration command is created by a PI controller, whose input is the
aircraft’s ground speed minus the desired speed at that location on the runway. This speed
versus runway location profile is more easily modeled by the exit prediction logic described in
a later section, rather than an initial deceleration method (reference 1) which decelerated the
aircraft to reach a final speed at the exit entrance only. Because there is a target speed all
along the runway, intermittent runway low friction patches are more quickly corrected for.
The speed profile has a distance buffer (~100 feet) Jjust prior to the selected exit.

The selected exit is aborted, up until 250 feet prior to the exit, if the aircraft’s current required
deceleration or estimated final deceleration is greater than 9 ft/sec’. At the exit entrance the
exit would be aborted if the aircraft’s ground speed is greater than 2 knots above the exit
entrance speed or that the aircraft has a lateral displacement from the runway centerline of X
feet (needs to be investigated). MD-11 simulations on a wet runway with a steady 15 knot
crosswind did not see a lateral deviation too great to cause an exit steering problem. If an exit
1s aborted, the aircraft would revert to non-ROTO. More discussion is required to decide
whether pilots would then again want to again select auto ROTO for the next available

ROTO exit.

The exit prediction logic, prior to touchdown, attempts to minimize the occurrence of
aborting an exit on the runway by the deceleration exit-abort logic in the preceding paragraph.
Before the exit prediction logic was implemented, the affect of the preceding paragraph’s exit
abort logic was:

1. The aircraft’s current required deceleration would either abort an exit(s) immediately at
touchdown or during the last third of the distance to a selected exit.

2. The aircraft’s estimated final deceleration generally would abort an exit during the first
third of the distance to a selected exit.

ROT is minimized by aborting appropriate exits as soon as possible, preferably prior to
touchdown.
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AUTO-REVERSE THRUST CONTROL LAW

Reverse thrust is needed for operations in low friction runway conditions and to minimize
brake usage. An assumption for this study was that the pilot moves the throttle levers
through the pedestal inter-locks to engage reverse thrust soon after touchdown and stows
reverse thrust (or at 2 minimum sets it to idle) at 70 knots ground speed. Currently pilots
generally stow reverse thrust based on airspeed. It is suggested that pilots stow reverse
thrust just prior to entering the exit to negate that task while on the exit.

When reverse thrust is engaged, the auto-reverse thrust control law commands the auto-
throttle servo to drive the throttle levers to achieve the desired reverse thrust. The control
law adjusts reverse thrust so that the symmetric brake pressure stops between 20 - 30 % of
maximum supply pressure during the ROTO deceleration phase. Because the engines have
slower dynamics than the brakes, the brakes provide the longitudinal damping. The reverse
thrust is allowed to vary between idle and maximum reverse thrust (Note: These negative
thrust limits become more positive as airspeed decreases). When the deceleration command is
zero, symmetric brake pressure decreases to return pressure.

The auto-reverse thrust command is integrated to slowly decrease reverse thrust to idle if
brake pressure is below 20 % or the aircraft’s ground speed is below the desired speed
profile. There is a command deadband when the brake pressure is between 20 - 30 %. The
command is integrated even more slowly to increase reverse thrust to maximum if brake
pressure is above 30 %. The figure in Appendix A on page A-87 illustrates the auto-reverse
thrust control law.
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STEERING CONTROL LAW

The PID steering control law used for this study started with a basic auto rollout control law
similar to localizer type control laws. Lateral centerline deviation is the main command error
with lateral centerline deviation rate and yaw rate as damping feedbacks. On the ROTO exit,
exit centerline radius and radius rate were also added as feedbacks to lead the aircraft into the
curve. Aircraft ground speed was used for gain scheduling. The output of the control law is
the position limited rudder command. . The top level diagram of the steering control law is
illustrated in Appendix A on page A-106, with lower diagrams thereafter. A simplified
representation is shown in figure 7.10. The nose gear is geared to the rudder through the
rudder pedals and is limited to +/- 8 degrees. Navigation inputs (both the aircraft position
and the data stored for path centerline) were converted to a X,Y reference frame for lateral
deviation calculations. Nose gear loading was maximized by commanding a positive down
elevator, scheduled with ground speed and aircraft CG.

For typical exit path geometry, lateral jerk normally occurs as the aircraft begins to follow the
centerline of the exit because the physics of the path geometry require a step change in lateral
acceleration to follow the exit path centerline. Gradual spiral exit (reference 2) entrances help
to minimize this effect. If the exit has a constant radius entrance, the control law can contain
a feature to smoothly increase the lateral acceleration to nominal lateral acceleration as defined
by ROTO exit radius and desired exit speed. The lateral acceleration is increased at maximum
allowable lateral jerk. This procedure is begun at a distance prior to the exit based on the
aircraft ground speed and how many seconds are required to ramp up the lateral acceleration.
During the pre-exit lateral acceleration, the lateral deviation of the aircraft changes less than a
foot due to the commanded lateral acceleration.

With further steering control law development, auto asymmetric braking, geared to the rudder
command to augment steering, was found in this study to be unnecessary. This study
showed that nose gear steering with no more than 2 degrees of hysteresis is suitable for an aft
CG MD-11 on a wet runway. It is suggested that the tiller be used to compensate the nose
wheel such that the MD-11 auto ROTO nose gear hysteresis will be effectively reduced to 2
degrees. This suggestion for nose gear steering was implemented for this study in a tiller
control law. The tiller control law subtracts measured rudder pedal angle from the desired
nose gear (rudder) command. After washing out this signal, it is used to command a “cable
grabber” servo which is connected to the tiller-to-nose gear cable. The tiller handle is back
driven and the servo is commanding the nose wheel actuator through the tiller cables. This
signal is mechanically summed with the rudder pedal nose wheel command. The tiller control
law is shown in the figure in Appendix A on page A-113. It is believed that the tiller control
law would be less costly than a fly-by-wire nose gear to decrease hysteresis of the baseline
MD-11 auto nose wheel steering.

In auto ROTO the tiller control law activates prior to turning onto the exit entrance. The
tiller control law is not active for manual ROTO. In manual ROTO, the pilot follows the
flight director guidance with the yaw damper on.
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AUTO ASYMMETRIC BRAKING CONTROL LAW

Reference 1 refers to the need for asymmetric braking to assist in steering an aft C.G. MD-11
on a wet high speed ROTO exit. Development of the baseline steering control law has now
alleviated the need for this feature, as well as a 1-degree hysteresis, fly-by-wire nose gear
(assuming auto ROTO tiller control law requirement). However, asymmetric braking would
improve steering if it were available. All simulation runs described in this report do not
include auto asymmetric braking, nor a fly-by-wire nose gear. The developed auto
asymmetric braking control law is illustrated in the figure in Appendix A on page A-94.

The auto asymmetric brake command is geared to the rudder command and summed with the
symmetric braking command at the brake. The asymmetric command passes through a
deadband to minimize deceleration braking. An opposite command is sent to the opposing
brake. If the command is in the direction to drive a brake’s pressure below its return
pressure, the command is doubled to the opposing brake.

The command is rate limited to minimize longitudinal jerk. Longitudinal jerk due to the brake
pressure threshold cannot be helped, except to not let the brake pressure fall below the
threshold during the asymmetric braking phase. Whenever the command is zero, a temporary
command is created to drive the brake pressure asymmetry back to zero. Because the brakes
act as integrators, if this were not done, some type of asymmetry would persist thereafter
and fight the commanded rudder and nose gear.

37



EXIT PREDICTION LOGIC

In order to minimize runway occupancy time by controlled deceleration, it is desired to
predict which available ROTO exits the aircraft is capable of using at touchdown. For ROTO
pilot arming/work load reasons, this prediction would most likely occur up to a half minute
prior to touchdown if touchdown parameter predictions are accurate enough to allow this.
Whether a ROTO exit is selected by the pilot or by an exit prediction algorithm,; selecting too
early an exit would cause the exit to be aborted, causing the aircraft to coast to the next exit.
Selecting a late exit would increase runway occupancy time above what necessary. Both of
these occurrences may cause the following aircraft to go-around.

The exit prediction logic has the following predicted/estimated inputs: touchdown location,
touchdown ground speed, aircraft weight, aircraft CG, aircraft drag characteristics and aircraft
thrust versus airspeed/time profiles. Estimated steady airport winds and speed dependent
runway friction along its length are also required by the algorithm. It may be possible to
predict autoland touchdown location more easily than ILS manual or non-ILS landings due to
the flare segment. MD-11 ROTO simulations have recommended the following MD-11
predicted value accuracies. The Exclusive Accuracy column is the maximum allowed error for
a predicted value with that error being tested by itself. The Combined Accuracy column is
the maximum allowed error for a predicted value with all of the errors being tested together.

Predicted Value Exclusive Accuracy Relative to Actual Combined Accuracy
Touchdown location 0 to +300 feet 0 to +100 feet
Touchdown ground speed 0 to +3 knots 0 to 1.0 knots
Touchdown weight 0 to +100,000 1b. 0 to 30,000 Ib.
Runway friction coefficient -0.03 to 0 -001to 0

It appears that the current modeled MD-11 dispersion and exit locations only allow the
prediction errors to lie on the conservative side. If the predicted touchdown location error
were -100 feet, the exit prediction logic would perhaps accept too early of an exit which
might be eventually aborted. If the predicted touchdown location error were +400 feet, the
exit prediction logic would perhaps accept to late of an exit than necessary which would
unnecessarily increase the runway occupancy time.

These prediction accuracies are dependent on the simulation accuracy, the number and
location of ROTO exits and aircraft type. It may not yet be technically feasible to achieve
these accuracies necessary to correctly predict ROTO exits, which is essential to minimize
following aircraft go-arounds which are currently at about I per 1000 landings. The
prediction errors would decrease as the prediction is made nearer to touchdown.
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These MD-11 simulations assumed speed dependent friction was measured along the runway
approximately 250 feet apart. It was found that this friction measurement should
represent/average the friction value of the entire 250 feet. If there are friction patches on the
runway and the friction measurement is in or out of a patch, these non-representative
measurements may accumulate to cause a false exit prediction.

The exit prediction algorithm attempts to simulate the aircraft’s onset of deceleration and
deceleration (due to brakes, thrust, drag, speed brakes) down the runway until the aircraft CG
reaches the target exit entrance. The logic to begin aircraft braking is referenced in the auto-
braking section above. The exit prediction simulation steps down the runway in terms of
distance rather than time. Because the actual aircraft attempts to decelerate according to a
linear speed profile versus distance rather than target a final speed at the exit entrance, it is
more easily modeled by the exit prediction algorithm.

When the simulated aircraft reaches the predicted exit, if the required friction is greater than
the available friction or a deceleration greater than 9 ft/sec” is required, the predicted exit is
aborted. The prediction algorithm then repeats until a suitable available exit is found.

The exit prediction logic path is illustrated in figure 7.1 and MATLAB script code in
Appendix A on page A-27.
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FLIGHT DIRECTOR MANUAL ROTO GUIDANCE

Manual ROTO steering and deceleration flight director guidance control laws were not
designed as part of this study. The flight director commands would most likely be a filtered
output of the auto ROTO steering and deceleration control law’s forward paths. The yaw
damper should be active with manual ROTO steering. The HUD display provides both
command and raw data guidance.
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CURRENT ROTO OPERATIONS

Some U.S. airports, e.g. Dallas-Ft. Worth, under flight crew discretion conduct manual high-
speed ROTO under daylight VMC conditions with no surface contamination on the exits.
This applies to both narrow and wide body aircraft on 30 degree exits at exit entrance ground
speeds up to 60 mph.

The current runway clearance definition which would apply to continuous ROTO operation
is as follows. The runway would be clear for a following aircraft at the runway threshold, if
all preceding aircraft have cleared the runway and are past their exit hold lines (figure 7.11) or
are in the process of rolling past their exit hold lines without obstruction. The runway would
not be clear if a preceding aircraft has stopped on an exit prior to an exit hold line.

If an aircraft stops on an exit past the hold lines, the taxiway is open, but that exit is not
available as a ROTO exit for following aircraft. The runway would not be clear for a
following aircraft that required that occupied ROTO exit, unless the following aircraft
performs a NON-ROTO landing.
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ROTO MODE LOGIC

Figure 7.2 illustrates the ROTO modes (states) and the transitions between those modes.
For any mode, the arrow originating from a darkened circle is the default transition. In
approach, ROTO begin in the NON ROTO state. After

ATC has provided the expect ROTO clearance AND
ROTO exit prediction software has identified a ROTO exit

, ROTO transitions into the ROTO READY mode. The pilot may arm ROTO and an exit
causing the transition into the AUTO ROTO SELECTED mode by pressing the ROTO
button on the glareshield. AUTO ROTO provides automatic steering and deceleration on the
runway and onto and through the ROTO exit, while the pilot monitors out-the-window
through the HUD and other displays.

The pilot may transition between the READY, AUTO ROTO and MANUAL ROTO
(manual steering with guidance/while maintaining auto deceleration) modes by repeatedly
pressing the tri-state ROTO button on the glareshield. Additionally, after touchdown the
pilot may also press the yoke autopilot disengage button to select MANUAL ROTO.

After touchdown in AUTO ROTO SELECTED mode, if the pilot overrides the rudder
pedals, ROTO would transition to MANUAL ROTO (manual steering with guidance/auto
deceleration) mode. After touchdown in AUTO or MANUAL ROTO, if the pilot overrides
the brake pedals or throttle levers, ROTO would transition to FULL MANUAL ROTO
(manual steering with guidance/manual deceleration with guidance).

At any time, AUTO or MANUAL ROTO would revert to NON ROTO if
Pilot deselects ROTO OR
ATC rescinds ROTO Clearance OR
Aircraft is in GO-AROUND OR
ROTO exit is aborted OR

Any mechanical/software ROTO function has failed on the runway prior to the exit.
The failure must be positively indicated.

Prior to touchdown the pilot may select NON ROTO by pressing the yoke autopilot
disconnect button. After touchdown the pilot may toggle the glareshield ROTO button to
the READY state.

ROTO would remain in its current mode if any mechanical/software ROTO function fails on

the exit. A failure annunciation would notify the pilot of the condition, whereupon he/she is
free to override the controls and manually control using ROTO guidance.

Under certain timing conditions, if an exit is aborted (ROTO mode reverts to NON-ROTO),
there may be enough remaining runway occupancy time to transition again from NON-ROTO
to AUTO ROTO by selecting a second available ROTO exit, then exiting that second exit
while still keeping the runway occupancy time under 50 seconds, thereby not requiring a
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close following aircraft to GO-AROUND. This topic needs further discussion and pilot
input.
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ROTO OPERATIONS AND CREW INTERFACE

The ROTO crew interface concept was developed in response to anticipated flight crew and
Air Traffic Control (ATC) operational requirements associated with ROTO's implementation
In terminal area operations. More specifically, development of the crew interface concept for
ROTO operation was accomplished in two phases. In conjunction with a McDonnell
Douglas engineering test pilot and two commercial airline pilots, a targeted operational
analysis was conducted articulating approach, landing, and roll out functions required of the
crew and ATC. Based on this analysis, a design effort was performed -- again with
substantial pilot contribution and review -- yielding the specification of control and display
system elements needed to perform these required activities.

Operational Analysis

To conduct a more substantive operational analysis, crew system design personnel and the
engineering test pilot familiarized themselves with the major functional capabilities and
system logic parameters of the ROTO system: Relationships between ROTO-specific
system calculations and performance, and potential modifications to normal guidance, brake,
and reverse thrust control; automatic and manual modes; and deceleration and steering
profiles. Of specific interest were estimates of ROTO calculation times, crew-ROTO
coordination in the application of thrust-reversing and braking, and the requirement for out-
the-window monitoring of ROTO progress.

After acquiring general familiarity with ROTO system performance, a representative
functional timeline was developed to delineate how ROTO operation should be integrated
with standard terminal area arrival, approach, and landing procedures. This timeline,
presented in Appendix A on page A-139, identifies the necessary communication events
between the crew and ATC, and indicates the probable sequencing and timing of crew and
ROTO system activities. The timeline was particularly useful for articulating the relatively
critical timing constraints associated with ATC's clearance for ROTO and the subsequent
execution of ROTO-directed landing, roll out, and turn off. (It should be noted that, in the
timeline, ATC maintains ~50 second separation between ROTO-controlled landings by
issuing the ROTO clearance for the aircraft under discussion immediately after a preceding
aircraft has cleared the exitway needed for the landing aircraft -- in the last five to ten seconds
of flight before touch down. This proposed procedure must be carefully evaluated in
subsequent ROTO operational analyses because of concerns about workload, crew situation
awareness, and the actual feasibility of ATC issuing such clearances in such small and critical
'windows' of time. Alternative procedures, such as earlier clearance issuance with possible
(last minute) recision, would need to be explored in on-line piloted simulation activities.)
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ROTO Control and Display Elements

From this operational analysis, control and display elements were designed and their
operations defined. Following a design philosophy of minimal modification of existing
procedures, and correspondingly minimal modifications of control and display elements, the
ROTO system as shown in Figure 7.3 comprises several components:

1. A modified Head Up Display.

2. A glareshield control head (including ARM and READY settings) and annunciation
panel.

3. A Primary Flight Display containing a backup (head-down) representation of ROTO-
related information displayed on the HUD.

4. A Navigation Display (ND) showing a plan view representation of the aircraft's
progress on the ROTO deceleration profile and steering track.

5. A slightly modified Flight Management System page for specifying and executing
ROTO calculations/estimates (to prepare ROTO for initiation after clearance).

6. An optional data link system for receiving ROTO-relevant airport information, and for
crew acknowledgment of ROTO's clearance.

7. A modified Autopilot Disengage switch on the yoke for ground-operational de-
selection of Automatic ROTO steering (thus releasing steering control to the crew for
Manual-mode ROTO operation).

8. A "ROTO" setting on the Autobrake Control panel.

Owing to the limited and relatively preliminary scope of this activity, the design effort was
focused exclusively on the HUD and glareshield components -- elements critical to ROTO's
implementation, and requiring relatively extensive operational/procedural analysis.
Modifications to the FMS page(s), PFD and ND formats, data link, and Autopilot Disengage
switch were viewed as straightforward, and were, therefore, not developed in this design
effort.

As can be seen in Figure 7.4 the HUD contains a number of ROTO operation-specific
display elements. Positioned above the horizon line and in the center of the HUD field are
the ROTO and exit number designation and status elements. The word "ROTO" is followed
by the system-selected exit (in this case, "1"), and both are enframed by a box symbol. The
box is written in a solid line and is labeled, in this example, with the designation "AUTO,"
indicating ROTO's present status (i.e., being armed to execute a ROTO procedure in which
steering is automatically controlled by ROTO). Before the crew had armed ROTO, the box
was shown in a dashed line, and the system's "READY" status was displayed. This
information is replicated on the glareshield (described subsequently).
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To the left of the ROTO/exit number status indication elements, and also above the HUD
horizon line, is the Airport and Active Runway designation. This information (also repeated
on the glare-shield) is simply provided as a head-up verification that the FMS-specified
selection is indeed correct (this feature is a useful safety enhancement element, especially in
cases of reduced visibility, problematic ATC communications, areas with closely co-located
airports, and for airports with multiple runways).

Two symbols commonly employed (in various forms) on * glass cockpit’ PFDs and HUDs --
the Deceleration Cue (a ">" symbol positioned to the left of the Flight Path Vector symbol)
and the Speed Deviation Indicator (a deviation bar rising from, or descending from, the left
wing of the Flight Path Vector symbol) -- have been co-opted to support guidance and
control capabilities associated with following the ROTO system-calculated speed schedule.
As in standard usage, the Deceleration Cue drifts below alignment with the Flight Path Vector
symbol's left wing, commensurate with the aircraft's current (ROTO-commanded)
deceleration. Precision guidance and/or control is provided by the Speed Deviation Indicator
which, in turn, is driven by the autobraking control law. Length of the deviation bar indicates
magnitude of the instantaneous speed deviation (from directed speed schedule), and direction
(up or down) of the bar indicates instantaneous speed error, with an upward extended bar
indicating that the instantaneous speed is above commanded and a downward extended bar
indicating below commanded.

The Flight Path Vector symbol, a circle with two down angled "wings" (one to the circle's left
and one to its right), operates in a standard HUD-operational manner, indicating the
instantaneous flight path of the aircraft. ROTO operation extends the use of this symbol to
the indication of the ground path vector. This information facilitates runway and exitway
centerline tracking, and assists in exit- and taxiway turn guidance (especially in reduced
visibility). The Flight Director symbol (a circle sized to be clearly distinguishable inside the
Flight/Ground Path Vector circle) is also used as guidance for pursuit of the desired ROTO
path centerline, and is of critical importance for precision tracking in the complex ground turn
profiles (spiral profiles) prescribed by ROTO.

Strategic head up awareness of ROTO exit turn parameters is provided by an Exit Turn
symbol shown in true-perspective graphical form, super-imposed on the real world exitway
visible through the HUD. On final approach, and before ROTO is armed, this symbol is
shown as a dashed line conformal with the selected ROTO exitway centerline. Upon ROTO
being armed, this line changes from dashed to solid in form. After touch down, the Exit Tumn
Indication "line" must be modified for clear, unambiguous visibility because of the drastically
minimized grazing angle resulting from the flight deck's relatively low height above the
runway. This is accomplished by giving the line a dimension of height (forming a low fence-
like symbol). Showing the shape of the turn is accomplished by making the 'fence’ uniformly
segmented; at those points where the curve is increasingly more severe in angle (and is also
relatively farther away from the pilot's eye point) the segments (and gaps between them) will
be perceived as progressively wider and diminishing in height. (It should be noted here that
this solution is viewed as provisional, and is not considered completely satisfactory in its
present version. Chief among the concerns regarding this format symbol are the possibility
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that this element will clutter the HUD's critically important central display field (even with
an algorithm for blanking out portions of the element when it competes with other
symbology), and that it clearly violates the design decision to have dashed lines indicate
Ready status and solid lines indicated Armed.) This centerline information is supplemented
by Runway Edge markings to assist the pilot in perceiving position, altitude, track accuracy,
speed, and perspective cues.

As an additional source of tactical awareness, Tire Position Indication information is provided
at the bottom of the HUD. This data indicates current gear position relative to the runway or
exitway edge and the commanded centerline tracking. This information was provided as a
safety enhancement employed in correcting for significant deviations from intended centerline
tracking that could occur in low visibility, with unanticipated runway/exitway conditions, or
as a result of control errors.

The final significant modification to a standard HUD format suite is the automatic removal of
all format elements having exclusively airborne operational functions (e.g., the roll indicator).
This declutter mode will enable the pilot to more easily attend to and track ROTO's precision
deceleration, steering, position, and timing. This decluttering function would itself be
automatically reverted to full-up flight information immediately upon the selection of a go-
around maneuver.

Crew Procedures for ROTO Operation

In this section, a detailed procedural account is provided depicting crew actions and ROTO
system functioning specifically related to the control and display interfaces for ROTO. This
description is designed to complement the overall functional timeline developed in the
operational/mission requirements activity discussed previously (see Appendix A), and to
better articulate the principal crew procedures and coordination efforts involved in ROTO
operation.

A Representative Implementation of ROTO Operation

On approach into Los Angeles International Airport (LAX), ATC clears the aircraft for
the ILS (or DGPS) approach to Runway 24 Right. The crew is told to expect to be
cleared for ROTO later in the approach. The Pilot Not Flying (PNF) accesses the FMS
page associated with runway ILS selection, specifies the cleared approach information,
and sets the ROTO system for calculation of appropriate deceleration and steering
profiles predicated on the system-selected high speed exit. Upon selection of Exit 1,
the ROTO system enunciates airport, runway, and exitway designations on the
glareshield (for viewing by both crew members) and on the HUD (and on the head down
and FMS displays as well). Additionally, ROTO's operational status, "Ready," is
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indicated. Figure 7.5 portrays this status of the ROTO system while the aircraft is
turning to intercept the Localizer signal.

After capture of the localizer and glideslope signals, the aircraft is stabilized on its
approach to Runway 24 Right, tracking the Glideslope signal in to the predicted touch
down point. As is apparent in figure 7.6, ROTO is still in Ready status, and the
runway edge markings and exitway centerline are clearly discernible. The crew awaits
clearance for ROTO.

Just prior to the Pilot Flying (PF)'s execution of the flare maneuver in the final seconds
of flight, the crew has been cleared for the ROTO procedure and the system has been
armed. Figure 7.7 depicts this change in ROTO system status -- ROTO has been armed
for Automatic (i.e., system-controlled) operation upon touch down, and the exitway
centerline symbology has consequently turned from dashed to solid line format. The
PF flares the aircraft and lands.

Upon touch down, the HUD automatically declutters, leaving symbology relevant only
to ground maneuvering and to monitoring ROTO progress (or tracking ROTO
guidance). As is shown in figure 7.8, the exitway centerline symbol has transitioned to
the "fence" format to provide the crew with compelling perspective and angular cues for
accurately perceiving (and monitoring or tracking) the complex exitway ground path
dictated by ROTO. Just prior to initiation of the exitway turn maneuver, a positive
indication of this maneuver's imminent execution is enunciated by a computer-generated
voice message. Landing gear position is displayed, indicating current position with
regard to the ROTO-specified centerline of track, and the runway and exitway edges.

After the aircraft has cleared the runway and continues the commanded deceleration and
steering profiles on the exitway, the PNF requests clearance to enter the upcoming
taxiway. In those cases when trailing aircraft are also executing ROTO landings and
exits, the clearance will need to be timely. In effect, the ROTO procedure is not
completed until the aircraft has entered the taxiway within the time window required by
ROTO.
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8.0 SIMULATED ROTO PERFORMANCE RESULTS
TIME HISTORIES

Figures 8.1 - 8.12 document ROTO time histories using 30 degree spiral exits (reference 2)
while varying aircraft type, surface condition and crosswind. Each aircraft landed at the mean
of their dispersion and landing weight as follows:

MD-11 MD-81
Weight (klb.) 410 105
% CG 23 16.5
Airspeed (knots) 148 126.5
Tailwind (knots) (negative is headwind) -7.5 -7.5
Touchdown Location relative to Threshold (feet) 1375 1375

Table 1 lists the runway occupancy times for these runs. These runs show satisfactory
braking and steering performance. Runway occupancy time is measured from the runway
threshold until the aircraft wing tip clears the near side of runway.

Table 1
Run # Aircraft Surface Crosswind Runway Exit Runway Occupancy
Type Condition (knots) Location (feet) Time (sec)
1 MD-11 Dry 0 4950 38.1
2 MD-11 Wet 15 6750 495
3 MD-11 Wet 12.5+/-2.5 6750 495
4 MD-81 Dry 0 4950 41.6
5 MD-81 Wet 15 4950 41.6
6 MD-81 Wet 125+4/-2.5 4950 41.1

Note: Positive crosswind direction is from left to right for landing aircraft. A crosswind of increasing
magnitude causes greater lateral centerline deviation. The simulation studies found a positive
crosswind caused greater deviation than a negative crosswind.

Note: Runway Exit Location is relative to runway threshold.

Note: Runway Occupancy Time is calculated from the time the aircraft crosses the runway threshold until
the aircraft wing tip clears the near side of the runway.
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Each simulation run is documented with two pages of time histories. When a plot shares
more than one variable, the second variable is usually plotted on the right hand Y axis. The
zero origin of the left and right axis are usually offset so that the variable time histories do not
cross each other. The X axis of all plots is the runway longitudinal axis in feet. 0 feet is at
the runway threshold.

Page 1; Bottom Plot

This plot shows two views of the aircraft position relative to the runway with a right hand
ROTO turnoff. The left axis shows the aircraft Y position in feet. The runway centerline is
along the top of the plot. The desired path (dashed line) is along the centerline and then
curves to the right as the right-handed ROTO exit. Any small perturbations in the dashed
curves represent exit entrances which the aircraft did not enter. The solid line represents the
aircraft position. For MD-81 and MD-11 simulation runs the first ROTO exit is at position
3300 feet and 4950 feet, respectively.

The right axis shows the aircraft Y lateral displacement (solid line) in feet from the runway
centerline and exit path. The straight-lined funnel shape represents the allowable lateral
width in which the aircraft can move without running off the pavement. The funnel width is
the runway and ROTO exit widths minus the aircraft main gear offset, which varies with
aircraft type.

Page 1; 2nd from Bottom Plot

The left axis plots the aircraft ground speed in knots (decreasing trace). The right axis plots
the aircraft runway occupancy time in seconds. The runway occupancy time at touchdown
begins at a value greater than zero because it begins counting at the runway threshold. The
runway occupancy time stops increasing when the aircraft wing tip clears the near side of the
runway.

Page 1; Middle Plot

The left axis plots the aircraft lateral acceleration in G’s (lower trace). The right axis plots the
aircraft lateral jerk in G/sec. Gust cases do not plot the lateral Jerk because it is too excessive.
This study did not ascertain the cause of the gust related jerk (simulation model, control laws,
sensors) or find a solution for this occurrence.

Page 1; 2nd from Top Plot

The left axis plots the aircraft longitudinal acceleration in G’s (lower trace). The right axis
plots the aircraft longitudinal jerk in G/sec. Gust cases do not plot the longitudinal jerk
because it is too excessive. This study did not ascertain the cause of the gust related jerk
(simulation model, control laws, sensors) or find a solution for this occurrence.

50



Page 1; Top Plot

The left axis plots the percent of main gear brake supply pressure commanded (lower trace).
When the plot shows 100%, the deceleration command is commanding all of the brake supply
pressure. The percent of brake supply pressure commanded does not reflect the amount of
brake supply pressure in use if anti-skid (required by ROTO) is active.

Please refer to the 3rd and 4th plots on the bottom of plot page 2 for the amounts of available
mu being used by the main gear. When runway surface friction decreases below that required
(resulting 1n skidding), anti-skid decreases brake pressure used just until skidding is alleviated.
One would not expect 100% supply pressure in use when braking at high speeds on a wet
surface. The ROTO simulation used in this study implemented the anti-skid function in the
drag code (for modeling complexity reasons), after its proper location in the brake pressure
code.

The right axis plots the aircraft total thrust in pounds (upper trace).

Page 2; Bottom Plot

The left axis plots the aircraft rudder position in degrees (lower trace). The right axis plots
the nose gear position in degrees.

Page 2; 2nd from Bottom Plot

The left axis plots the amount of |1 being used by the aircraft nose gear (lower trace). The
right axis plots the available aircraft nose gear p.

Page 2; 3rd from Bottom Plot

The left axis plots the amount of [ being used by the aircraft main right gear u (lower trace).
The night axis plots the available aircraft main right gear .

Page 2; 4th from Bottom Plot

The left axis plots the amount of y being used by the aircraft main center ‘gear p (lower trace).
The right axis plots the available aircraft main center gear L.

Page 2; 3rd from Top Plot

The left axis plots the aircraft track angle relative to the aircraft heading in degrees. The right
axis plots the aircraft elevator angle in degrees (gradually rising trace).
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Page 2; 2nd from Top Plot

The left axis plots the steady tailwind in knots. A headwind would have a negative value.
The right axis plots the crosswind in knots. If the crosswind is steady it will have a straight
line value. Gust cases will show a varying crosswind. A positive crosswind blows in a
negative Y to positive Y direction (left to right as viewed by a landing aircraft).

Page 2; Top Plot
The left axis plots the navigation X position data noise content (lower trace). The right axis
plots the navigation Y position data noise content.

DISPERSION RESULTS

The ROTO FORTRAN simulation was modified with an outer loop to allow multiple runs.
Approximately 900 AUTO ROTO runs were simulated that covered the range of expected
aircraft ground speeds and touchdown locations, spaced 2 knots and 100 feet apart
respectively. The two data values used for dispersion analysis from these runs were the
runway occupancy time (ROT) and the ROTO exit location used by the aircraft.

An effort was then made to calculate the relative probability of one run occurring relative to
the others. Assuming that the aircraft landing ground speed and touchdown locations are
normally distributed and independent of each other, the calculations were done as follows:

1. The aircraft landing ground speed mean and standard deviation were created by adding
an aircraft’s landing airspeed and expected wind means and variances, respectively, and
then taking the square root of the summed variance to obtain the standard deviation.

2. The combined effect of aircraft landing ground speed and touchdown location on the
relative probability of an individual simulation run occurring was calculated by creating
a normal probability density function (PDF) for each of the two individual variables.
This was done by subtracting a cumulative density function (CDF) from the next CDF
spaced 2 knots apart for the ground speed variable and 100 feet apart for the
touchdown location variable. A joint PDF, based on the two variables, was created by
multiplying the individual PDF values together at the intersection values of ground
speed and touchdown location for each run. A normal CDF is calculated as follows:

. _[(x—u)zJ
202
N2mwo =*P

The joint normal PDF then represented the relative probability of a run occurring based on
the aircraft landing ground speed and touchdown location.

By multiplying a simulation run’s ROT and ROTO exit location by the probability of the run
occurring, ROT and ROTO exit location statistics could be calculated. Mean, standard
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deviation and PDF’s were then calculated for ROT and ROTO exit location. A spreadsheet
was used to manipulate the data and create the figures.

Figure Descriptions

There are five types of figures referred to below. The 3-D plots show the ROT value for the
simulations (e.g. fig. 8-14), the exit location used (e.g. fig. 8-15), and the joint probability
density function (PDF) of touchdown location and TD ground speed (e.g. fig. 8-16). The
ROT figure generally shows that the slow and early, and last and fast, landing aircraft have
the high ROT values. The Exit location figure shows the exit locations used for the
simulations runs.

The other two figures are the PDF’s for Exit location (e.g. fig. 8-17) and ROT (e.g. fig. 8-18).
The Y axis represents the relative occurrences of one outcome (exit used or ROT value) to the
others. The X axis of the Exit location figure is the possible runway exit locations in feet.
The X axis of the ROT figure is the possible rounded (to nearest second) ROT values in
seconds. PDF figures were also created for Exit location and ROT assuming equal
probabilities for each simulation run.

Results

The following table lists the figure numbers for the figures described above:

MD-11 MD-11 MD-81
Figure Descriptions Wet . Dry Wet
ROT 8-13 8-21 8-27
Exit Location 8-15 8-22 8-28
Joint PDF of simulation inputs 8-16 8-16 8-29
Exit Location PDF 8-17 8-23 8-30
ROT PDF 8-18 8-24 8-31
Exit Location PDF assuming equal probabilities 8-19 8-25 8-32
ROT PDF assuming equal probabilities 8-20 8-26 8-33
ROT showing incorrect exit predictions 8-14

Figure 8-13 uses the same data as figure 8-14, but does not include the spiked ROTs caused
by 4 incorrect exit predictions. The exit prediction logic used for all the simulation runs was
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continuously improved during this study, but needs further development to further minimize
incorrect exit predictions.

Comparison of the Exit & ROT results show that mean and standard deviations decrease in
the order of MD-11/Wet, MD-11/Dry to MD-81/Wet as shown in the table below. The

lower standard deviation of MD-81 ROT and Exit # taken may be explained by the fact that
the MD-81 has smaller standard deviations for its touchdown location and TD ground speed.

Exit # Taken; Exit 0 = 3300 ft ROT (seconds)

Aircraft/Conditions Mean STDDEV Mean STDDEV
MD-11/Wet 1.65 0.53 450 4.04
MD-11/Dry 1.30 0.46 41.3 3.99
MD-81/Wet 0.95 0.40 413 350

The ROT PDF shows grouped ROTs for each exit location, represented by each line style.
The left most line style is the 3300 and 4950 foot exit locations, respectively, for the MD-11
and MD-81 aircraft. The Exit location and ROT PDF’s both show that the MD-1 1/Dry
aircraft make more use of the 4950 foot exit than the MD-11/Wet. The MD-81/Dry aircraft
would most likely use the 3300 foot exit more often than the MD-81/Wet. The Exit location
and ROT PDF’s using equal probability for all runs show all of the exits being more equally
utilized.

The following table shows the percent of MD-11 & MD-81 AUTO ROTO aircraft using an
exit.

Exit Locations Used by Aircraft (feet)

Aircraft/Conditions 3300 4950 6750 8000
MD-11/Wet 0% 37.8% 59.8% 2.4%
MD-11/Dry 0% 70.0% 30.0% 0%
MD-81/Wet 10.4% 84.0% 5.6% 0%

It appears that a 3 ROTO exit (@ 3300, 4950 & 6750 feet past runway threshold) runway
would satisfy 99.8% (3 sigma dispersion) of the MD-11 Dry and MD-81 Wet landings.
These exits would satisfy ~97.5% (> 2 sigma dispersion = 95.5%) of the MD-11 Wet
landings.
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9.0 CONCLUSIONS AND RECOMMENDATIONS

A ROTO architecture and control laws have been designed for a research auto and manual
ROTO system capable of CATIIIB conditions. System additions to most aircraft would
include DGPS, FMS exit geometry data, data link, one HUD display, glareshield button(s),
backdniven tiller, ROTO auto & manual control laws and auto variable braking. To achieve
the runway occupancy time performance documented in this report; aircraft would also need
auto-reverse thrust (includes backdriven throttle levers), exit prediction capability and
consistent reverse thrust stowing techniques based on ground speed.

Control law designs developed in this study were validated with a 3-DOF aircraft dynamic
simulation using representative landing gear, engine, rudder actuator, and nose wheel actuator
models. Approximately 900 simulation runs were performed varying the touchdown point,
landing speed, aircraft weight and center-of-gravity, wind speeds (headwind/tailwind,
crosswinds, and gusts), and runway surface conditions (wet & dry). In addition, the
simulations were run using two different weight class aircraft — an MD-81 and MD-11
aircraft — using the same guidance and control system. This report documents representative
time histories of these simulations. The study developed ROTO statistics from the
simulated data including probabilities on runway occupancy time and the use of the given
available high-speed exits.

This study recommended ROTO exit positions (@ 3300, 4950 & 6750 feet past runway
threshold) for MD-11 and MD-81 type aircraft used in this study. These exits satisfy from
2 to 3 sigma touchdown dispersions for aircraft landing weights ranging from light MD-81°s
up to heavy MD-11’s. The maximum runway occupancy time for the 6750 foot exit was
under 53 seconds for a heavy MD-11 on a wet/non-grooved concrete surface. This study did
not investigate other operational airport factors which may not allow for consistent runway
occupancy times less than 53 seconds.

This study assumed that ROTO exit entrances would be spiral in nature as described in
reference 2. This allows for a more smooth transition onto the exit, but adds 1 to 2 seconds
to the runway occupancy time. It is recommended that ROTO exits be grooved with a
diamond pattern. If possible, ROTO runways should also be grooved.

Auto asymmetric braking and fly-by-wire nose gear are no longer required for aft CG MD-11
aircraft on a wet surface as mentioned in reference 1. An anti-hysteresis tiller control law,
commanding the tiller to augment the auto ROTO nose gear, was needed to decrease the
hysteresis to 2 degrees. It is believed that the tiller control law would cost less than the fly-
by-wire nose gear alternative.

Future study is required to find the sensitivity of sub-optimal ROTO designs and operations
on runway occupancy time. Dynamic piloted evaluation is required of display
format/guidance elements, look-ahead limits for CATIIIB operations and continuos ROTO
operations with runway occupancy times less than 53 seconds. Functions required by the
exit prediction logic need further development: accurate runway friction measurement,
predicted runway touchdown location/ ground speed and general exit prediction algorithm.
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Figure 7.3. ROTO control and display elements
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Figure 7.5. Teminal area op erational elements for ROTO mplementation: Localizerintercept
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Figure7.6. Terminal area operational elements for ROTO implementation: ILS capture, on glideslope
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RUN 1. MD-11 CATIlIB AUTO ROTO (PG 1 OF 2)
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RUN 1. MD—11 CATIIB AUTO ROTO (PG 2 OF 2)
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RUN 2. MD-11 CATIIIB AUTO ROTO (PG 1 OF 2)
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RUN 2. MD-11 CATIIB AUTO ROTO (PG 2 OF 2)
30 DEG SPIRAL EXIT,MID DISP,410KLB,23%CG,-7.5 KNOT TAILWIND
AUTOREVERSE THRUST, STOW®70 KTS GND, 4950/6750/8000 EXITS
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RUN 3. MD-—11 CATIIB AUTO ROTO (PG 2 OF 2)
30 DEG SPIRAL EXIT,MID DISP,410KLB,23%CG, 7.5 KNOT TAILWIND
AUTOREVERSE THRUST, STOW®70 KTS GND, 4950/§750/8000 EXITS

A/C X POSITION (FT)

Figure 8.6
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Figure 8.12
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Table 3.1. SUMMARY - HAZARD CLASS |

SYSTEM FUNCTION

Runway Acquisition Clearance

ROTO Steering Guidance
ROTO Steering Guidance
ROTO Steering Guidance

HAZARD DESCRIPTION

Object on runway

Erroneous steering guidance
Erroneous rudder

Erroneous nosegear steering
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FAILURE CONDITION

Possible crash

Loss of control
Loss of control

Loss of control



Table 3.2. SUMMARY - HAZARD CLASS Ii-

SYSTEM FUNCTION
ROTO Navigation

ROTO Navigation
ROTO Steering Guidance

ROTO Steering Guidance

ROTO Steering Guidance

ROTO Deceleration

ROTO Deceleration

ROTO Deceleration

ROTO Deceleration

ROTO Display

ROTO Display

HAZARD DESCRIPTION

Loss of navigation data
(GPS, IRS, airport data base)

Erroneous navigation data

Loss of all guidance command

Loss of rudder

Loss of nosegear

Loss of deceleration command

Erroneous deceleration

commands

Erroneous auto brake

Erroneous reverse thrust

Loss of pilot display

Loss of aircraft weight

111

FAILURE CONDITION
Loss of ROTO capability

Loss of control if loss
occurs at critical time

Loss of control

Loss of ROTO capability

Loss of control if loss
occurs at critical time

‘Loss of ROTO capability

Loss of control if loss
occurs at critical time

Loss of ROTO capability

Loss of control if loss
occurs at critical time

Loss of ROTO capability

Loss of control if loss
occurs at critical time

Loss of ROTO capability

Loss of control if loss
occurs at critical time

Loss of ROTO capability

Loss of control if loss
occurs at critical time

Loss of ROTO capability

Loss of control if loss
occurs at critical time

Loss of ROTO capability

Loss of control if loss
occurs at critical time

Loss of ROTO capability
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MAKEFILE is a file used by MAKE to create C object files required by

MODELROTOBIG.M, which are then converted to CMEX files.
CLIBS = -Im -lmalloc -lc
CFLAGS = +z -z-Aa-Ae -g -DDAY_ FMEX -I$(HOME)/matlab/extern/include
atmos : funcnosetireforces.o

cmex funcnosetireforces.o

fo:
cc $(CFLAGS) funcnosetireforces.c

atmos : funcinput.o
cmex funcinput.o
fo:
cc $(CFLAGS) funcinput.c

atmos : funcinputnav.o
cmex funcinputnav.o
fo:
cc $(CFLAGS) funcinputnav.c
atmos : funcinterpr.o
cmex funcinterpr.o
fo:
cc $(CFLAGS) funcinterpr.c



RUNROTO.M is the main MATLAB script file to run the ROTO simulation from the
MATLAB command line. It calls the MATLAB SIMULINK model
MODELROTOBIG.M, which you may view by typing modelrotobig from the
MATLAB command line. The following pages contain the input MATLAB script files
and exit prediction algorithm files.

% Initialize all input variables

clear all;

format short e;

% if you were to do multipie runs, do them here with clear variables;
% this will not reload the model and functions
centerline;

centerline22;

% generic airplane

inputdef;

% unique mdl 1 characteristics

indefmdl1;

% run specifics

inmd1170;

% some additional initializations

beforeloop;

save md1170;
createarrays,
globalfile;

% Predict exit selection before touchdown
% create U_TD,UT_TD,X_TD; input files currently set these values,
% In reality they would need to be predicted on the glideslope
U_TD=U,
UT_TD=UT;
X_TD=X,
VWSS TD=VWSS;
lastnexit=0;
NONROTO=0;
while ((lastexit~=NEXIT)&(NEXIT<S))
lastmexit=NEXIT,;
abortearly=funcpredictabort(U_TD,UT_TD,X_TD,VWSS_TD,VEXIT,EXITPOS,NEXIT);
if(abortearly)
NEXIT=NEXIT+1;
-end;
ifINEXIT>4)
NONROTO=1;
end;
EXITPOS=EXITLOC(NEXIT);
end;

% ROTO Simulation
if(NONROTO==0)
% Run roto simulation
TIME=0;
timt=0;
TSTEP=0;
[T,AEROX,AEROY]=1insim('modelrotobig',70,[],[DT,D’I‘,DT,O,3,2]);
% Write out results
fid=fopen(‘'nose.output1.data’,'w");
scriptwriteplotdata;



else
disp(NON-ROTO LANDING); end;
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VARIABLE DEFINITIONS

Variable definitions used in the ROTO simulation.

The following defines output variables:

Variable

X

Y
YSTRIPE
U

PSI

DV

DU

DY

DPSI
SIGSTR
SIG
DELRC
DPERP
VPERP
DDPSI
FNOSE
FC

FM

PMM
PSIP
THST, THRUST
TR
MNAERO
PSIC

NC
PSICGV
MUMAX
MUMAXR
MUMAXL
MUMAXC
MUNOSE
MUR
MUL
MUC
LATG
LONGG
LATJ
LONGJ
YAW
DRU
DRUR
DRUDEAD
DRMPUU
DECELCOM
NEXIT
RUNWAYTIME

POSEXIT,NEGEXIT

PERCENT BRK
TAILWIND
CROSSWIND

Definitions

Aircraft longitudinal position on the runway

Aircraft lateral position on the runway

Runway and exit centerline lateral position

Aircraft ground speed in knots (inside sim it is fps)
Aircraft heading

Aircraft lateral accelleration

Aircraft longitudinal accelleration

Aircraft lateral deviation rate

Aircraft heading rate

Aircraft nose wheel angle relative to aircraft heading
Aircraft nose wheel angle

Rudder command

Aircraft lateral deviation

Aircraft lateral deviation rate

Aircraft heading acceleration

Aircraft nose tire side force

Aircraft center tire side force, after limited to avail. friction
Aircraft R&L tire side force, after limitied to avail. friction
Aircraft R&L tire vertical force

Aircraft heading relative to centerline heading

Aircraft total thrust

Aircraft rudder moment

Aircraft side slip moment

Aircraft center gear heading

Aircraft center gear comering power

Aircraft center gear heading relative to aircraft velocity vector
Runway surface available friction coef. at nose gear
Runway surface available friction coef. at right main gear
Runway surface available friction coef. at left main gear
Runway surface available friction coef. at center main gear
Friction used by nose gear

Friction used by right main gear

Friction used by left main gear

Friction used by center main gear

Aircraft lateral G

Aircraft longitudinal G

Aircraft lateral jerk

Aircraft longitudinal jerk

Atrcraft yaw angle

Aircraft upper rudder angle

Aircraft upper rudder angle rate

Aircraft upper rudder value after deadband

Aircraft upper rudder mod piston position

Aircraft symmetrical deceleration command

Designnated exit # (1,2,0r 3)

Aircraft runway occupancy time

Aircraft main gear must stay within these lateral bounds

Avg. Percent of maximum brake pressure used by all main gear

knots
knots
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XNAV DGPS noise added to actual aircraft X position
YNAV DGPS noise added to actual aircraft Y position
ELEV Aircraft elevator angle
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The following describes input contants:

*

Variable Definition

* A DISTANCE--NLG TO CG FT

* ASEFF ANTISKID EFFICIENCY —_—

*B DISTANCE--CG TO MLG FT

* BC DISTANCE--CG TO CLG FT

* BW DISTANCE -- CG TO FT

* CMR RUDDER YAW MOMENT COEFF. 1./DEG

*C LIFT MOMENT ARM TO CG FT

* CDRAG A/C AERODYNAMIC DRAG COEFF. —_—

* CLIFT A/C AERODYNAMIC LIFT COEFF. —

* CMOM A/C AERODYNAMIC MOMENT COEFF. —_

* CNB AERODYNAMIC SIDE-SLIP MOMENT COEFF. _—

* CYB AERODYNAMIC SIDE-SLIP FORCE COEFF. —

* DELB NLG TIRE DEFL., AT LOAD RB IN

* DELS NLG TIRE DEFL., RATED IN
*DECELSET AUTOBRAKE DECELERATION SETTING FT/SEC

* HCG CG HEIGHT FT

* HS NLG TIRE SECTION HEIGHT IN

* [YAW A/C YAW MOMENT OF INERTIA (ABOUT CG) SLUG-FT**2
* LMAC LENGTH OF THE MAC FT

* LTAIL DISTANCE--CG TO TAIL CP FT

* NM MLG TIRE CORNERING POWER (PER TIRE) LB/DEG
*OD NLG TIRE OD IN

* RB NLG TIRE VERT LOAD AT DEFL. DELB (FOR SPRING RATE CALC.) LB
* RP NLG TIRE RATED PRESS. (LOADED) PSI

* RS NLG TIRE RATED LOAD LB

* SP  NLG TIRE STATIC PRESSURE (LOADED) PSI

* SPM MLG TIRE STATIC PRESSURE (LOADED) PSI

*S NOSEWHEEL SPACING IN

* SW A/C WING AREA FT**2

* THETA NLG STRUT CANT ANGLE DEG

* TREAD DISTANCE BETWEEN MLG'S FT

* VEAS INITIAL AIRSPD A/C VELOCITY KTS

VW CROSSWIND VELOCITY KTS

* VTW TAILWIND VELOCITY KTS

* W A/C WEIGHT LB

* WET SWITCH TO USE WET RUNWAY FRICTION (1 IS ON) —

* ICE SWITCH TO USE ICY RUNWAY FRICTION (2 IS ON) —

* SNOW SWITCH TO USE SNOWY RUNWAY FRICTION (3 IS ON) —_—

* SLUSH SWITCH TO USE SLUSHY RUNWAY FRICTION (4 IS ON) _—

* FLOOD SWITCH TO USE FLOODED RUNWAY FRICTION (5 IS ON) —_—

* WS NLG TIRE SECTION WIDTH IN

* FLATMU SWITCH FOR FLAT CORNERING MU VS. SKID VEL. CURVE (1 IS FLAT) -----
* KSI (STEERING VALVE SPOOL DISPLACEMENT)/STEER ERR) IN/DEG

* KS2 (STEERING RATE)/(VALVE FLOW) (DEG.SEC)/(IN**3/SEC)
* KS3 (STEERING ACTUATOR PRESSURE)Y/(STRT GD MOM) (PSI/IN-LB)
* PSUP HYDRAULIC SUPPLY PRESSURE PSI

* PRET HYDRAULIC RETURN PRESSURE PSI

* TMGD MAIN GEAR TOUCHDOWN TIME SEC

* TNGD NOSE GEAR TOUCHDOWN TIME SEC

* TSPOIL TIME BETWEEN MAIN GEAR TOUCHDOWN & SPL DEPLOYMENT SEC
* TDELAY TIME BETWEEN SPOILER DEPLOYMENT & START OF BRKE RP SEC
*RRPHASE! PHASE 1 BRAKE PRESSURE RAMP RATE PSI/SEC
*RRPHASE2 PHASE 2 BRAKE PRESSURE RAMP RATE PSI/SEC
*KBPHASET PHASE 1 BRAKE PRESSURE GAIN (PSI/SEC)/(FT/SEC**2)
*KBPHASE2 PHASE 2 BRAKE PRESSURE GAIN (PSI/SEC)/(FT/SEC**2)
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* NWWLG NUMBER OF WING GEAR WHEELS —

* NWCLG NUMBER OF CENTER GEAR WHEELS

* BDEXP CONSTANT USED TO DEFINE BRAKE DRAG VS. PRESSURE CURVE —mee-

* BDP CONSTANT USED TO DEFINE BRAKE DRAG VS. PRESSURE CURVE  PSI

* BDK CONSTANT USED TO DEFINE BRAKE DRAG VS. PRESSURE CURVE LBS/PSI



CENTERLINE.M is a file that gives coordinates for the spiral exit centerline every 2 feet
apart along its length and is called by RUNROTO once. Because of it many pages of data
it is not included in this report. NASA has the file in electronic form. This file is not
used by the aircraft navigation. It is used in the simulation by FUNCINPUT to find the
actual centerline lateral error of the aircraft for performance evaluation purposes.
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CENTERLINE22.M is a file containing the coordinates and radius of the spiral exit
centerline and is called by RUNROTO once. The points are spaced so that the
perpendicular error from the actual path is less than 0.5 feet. There are about 26 points.
The points get closer together as the path radius decreases. The database requirements
section recommends that the exit’s X,Y coordinates be in units of 1/2 foot using 2 byte
integers. This particular input file has stored the X,Y coordinates in units of feet, but the
X,Y coordinates have no greater resolution than 1/2 foot.

spiralexit22 = [
0.00000D+00...
0.00000D+00...
0.32767D+5...

'0.17600D+03...
0.5D+00...
0.10634D+05...

'0.354D+03...
0.400D+01...
0.52872D+04...

'0.490D+03...
0.105D+02...
0.38197D+04...

'0.6015D+03...
0.195D+02...
0.31091D+04...

'0.7105D+03...
0.32D+02...
0.26287D+04...

'0.8055D+03...
0.47D+02...
0.23164D+04...

’0.9075D+03...
0.675D+02...
0.20523D+04...

"0.985D+03...
0.865D+02...
0.18868D+04...

'0.10695D+04...
0.1115D+03...
0.17330D+04...

"0.1145D+04...
0.1375D+03...
0.16135D+04...

b
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0.1219D+04...
0.1675D+03...
0.15094D+04...

’0.1290D+04...

0.201D+03...

0.14201D+04...
'0.1343D+04...

0.229D+03...

0.13582D+04...

'0.1362D+04...
0.2395D+03...
0.13369D+04...

'0.1362D+04...
0.2395D+03..
0.32767D+5...

’0.1800D+04...
0.4925D+03...
0.32767D+5...

'0.1800D+04...
0.4925D+03...
-.80000D-+03...

'0.18495D+04...

0.519D+03...

-.80000D+03...

'0.1901D+04...
0.5415D+03...
-.80000D+03...

'0.19555D+04...
0.5615D+03...
-.80000D+03...

'0.2009D+04...

0.577D+03...

-.80000D+03...

’0.2064D+04...

0.588D+03...

-.80000D+03...

'0.21195D+04...

0.596D+03...

-.80000D+03...

'0.21775D+04...
0.5995D+03...
-.80000D+03...

’

A-10



0.21995D+04...
0.60000D+03...
-.80000D+03...

+

0.22015D+04...
0.60000D+03...
0.32767D+5...

k
spiralexitx22=spiralexit22(:,1);
spiralexity22=spiralexit22(:,2);
spiralexitr22=spiralexit22(:,3),
clear spiralexit22;
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INPUTDEF.M is a MATLAB script file which initializes the default simulation variables
for all aircraft types and flight conditions and is called by RUNROTO once.

false=0;
true=|;

ASEFF = 0.75;

DT = 1.0E-03;

DECELSET = 0.0;

ENDTIM = 350.0;

INTVL = 0.5;

VEAS = 166.;

VSTOP = 1.0;

VWSS = 15;

VTWSS = 10.;

WET = 1;

MUROLL = 0.15;

PSUP = 3000.;

PRET = 60;

TMGD = 0.0;

TNGD = 6.0;

TSPOIL = 1.3;

TDELAY = 3.0;

RRPHASEI 400.;

RRPHASE2 1200.;

KBPHASEI 600.;

KBPHASE2 = 1800,

FLATMU = 1;

RUNWAYWIDTH=150;

EXITWIDTH=90;
% table lookup uses last four points to extrapolate out of table, if you want
% a limit in the table, use four points at each end with that limit.
MUSKIDT = |

0.000000000E+00;

20;

40;

60;

100;

100.0;
JE
MUSKID =
1.0;

0.6;

0.42;

0.36;

0.32;
0.32;
I;
STEERT = [
-23;

0.0;
3.15;
6.3;
12.6;

18.9;

23;
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I
STEER = {
8.4;
7.;
4.85;
2.55;
1.3;
0.0;
-1.3;
-2.55;
-4.85;
-7.;
-8.4;

)
WETMUT = |
0.0;

20.;
40.;
50.;
70.;
80.;
100.;
120.;
140.;
160.;
180.;

L

WETMU = |
0.941;
0.533;
0.378;
0.333;
0.282;
0.271;
0.266;
0.266;
0.266;
0.27;
0.274;

I

ICEMUT =

0.0;

200.;

1

ICEMU = [
0.27E-01;
0.27E-01;
I
SNOWMUT = [
0.0;

200.;

I
SNOWMU ={
0.162;

0.162;

k
SLUSHMUT = {
0.0;
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200.;
1
SLUSHMU = [
0.55;
0.55;
I
FLOODMUT = |
0.0,

10.;

20.;

30.;

40.;

50.;

60.;

70.;

80.;

90.;

100.;

110.;

120.;

130.;

140.;

150.;

160.;

170.;

180.;

190.;

200.;

I
FLOODMU = [
0.929;
0.645;
0.465;
0.353;
0.276;
0.22;
0.18;
0.147;
0.119;
0.98E-01;
0.84E-01;
0.72E-01;
0.62E-01;
0.55E-01;
0.53E-01;
0.5E-01;
0.51E-01;
0.52E-01;
0.53E-01;
0.54E-01,;
0.55E-01;
1;
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INDEFMD11.M is a file initializes MD-11 aircraft characteristics independent of flight

contidion and is called by RUNROTO once.
A= 78.2562256;

B= 2.45735645;

BC = 5.00903320;

BW = 165.369904;

C= 2.21834278;

CDRAG = 0.1651;

CLIFT = 0.29;

CMOM = 0.160003304E-01;
CMR = -0.262E-02;

CNB = 0.37E-02;

CYB = -0.24E-01;

DELB = l.1;

DELS = 3.4;

HCG = 2.71658039;
HS = 9.8;

IYAW = 26000000.0;
LMAC = 24.6479797,
LTAIL = 83.7390137,

NC = 4426;
NM = 4806.0;
OD = 39.6;

= 8000,
RP = 203;
RS = 39500;
SP= 167,
SPM = 188;

= 25,

SW = 3647.5;

WINGSPAN=83;
TREAD = 34.677;
THETA = 9.5;
W = 480000,
KS1 = 0.873E-02;
KS2 = 0.965;
KS3 = 0.842E-02;
BDEXP=0.7;
BDP=125;
BDK=190.6;
NWWLG = 4;
NWCLG = 2;
WS = 15.5;
% table lookup uses last four points to extrapolate out of table, if you want
% a limit in the table, use four points at each end with that limit.
THSIT = |
0.0;
66.1249695;
132;

I
THS!1 = [
15048;
10602;
7335;

IR

THSRT = |
85.0;
123.84;
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126;
135;
140;
I
THSR = [
-28740;
-40700;
-40900;
-41460;
-42630;

5

THSTIT = [
9.5;

7.0;

5.5;

3.5;

0.0;

L
THSTI = |
-39350;
-23340;
-7060;
6800;
6750,

I
THSNT = |
0.0;
66.125;
132;

JR
THSN = |
7581;
4680;
2535;

IR
THSRNT = [
0.0;

60.889;
65.65;
84.96;
123.84;
125.97;
134.85;
140.18;
147.29;
150.0 ;

)

THSRN ={|
-1400.0;
-6350.0;
-6750.0;
-8425.0;
-11900.0;
-12150.0;
-13050.0;
-14200.0;
-15475.0;
-16200.0;
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I:
GAMMAT = |
200000.;
257500.;
280000.;
300000.;
330000.;
365000.;
405000.;
440000.;
480000.;
510000.;
550000.;
J;
GAMMA =]
0.224;
0.2;
0.192;
0.186;
0.178;
0.17;
0.162;
0.156;
0.15;
0.146;
0.142;
I
VALVET =]
-0.13;
-0.12;
-0.11;
-0.11;
-1.E-01;
-0.9E-01;
-0.8E-01;
-0.7E-01;
-0.6E-01;
-0.5E-01;
-0.4E-01;
-0.3E-01;
-0.2E-01;
-0.1E-01;
0.0,
0.1E-01;
0.2E-01;
0.3E-01;
0.4E-01;
0.5E-01;
0.6E-01;
0.7E-01;
0.8E-01;
0.9E-01;
1.E-01;
0.11;
0.11;
0.12;
0.13;
JK
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VALVE =[
-0.91;
-0.91;
-0.91;
-0.91;
-0.875;
-0.765;
-0.6;
-0.455;
-0.34;
-0.245;
-0.165;
-0.9E-01;
-0.3E-01;
0.0;
0.0;
0.0;
0.3E-01;
0.9E-01;
0.165;
0.245;
0.34;
0.455;
0.6;
0.765;
0.875;
091;
0.91;
0.91;
0.91;

IR
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INMD1170.M is a file initializes variables specific to a flight condition and is called by

RUNROTO once.

MD1 1=true;

DT = 0.005;

DECELSET = 0.0;
ENDTIM = 100;

INTVL = 0.5;

% veas range 130 kt to 166 kt
VEAS = 166;

VTWSS = 10,

VWSS = 15

% weight range 340k to 480k
W= 480000;

WET = 1;
KYAWRT = 7.75;
KYDI= 5;

KY = 12;

KRAD = -40000;
XSTART = 2500;
RCMDLM = 1000.0;

EXSTOP = 1.0;
RADTAU = 1.0;
IG3 = 0.1;

IG5 = 0.002;

1G16 = 0.06;
IG14 = 23.0;
IKBANDRD = 0.85;
IKMECH = 0;
NSDEAD = 0.01;
NSRTLM = 0.3;
NSPSLM = 8.0;
KBANDNS = 0.7;
DECLIM = 9.0,

COMPUP = 0.05;
ILATBIAS = 0.0;

ITURB = false;
NAVUP = 0.1;
IRANDM = false;

ACCURRMS = 4.0,
ACCURTAU = 30.0;
% CG range .12 to .34
CG = 0.34;
% CALCULATE NEW CG VARIABLES BASED ON FRACTION CG
CGIN=1311.947+CG*295.779;
A=(CGIN-473.437)/12,;
B=(1442-CGIN)/12.;
BC=(1472.62-CGIN)/12.;
C=(CGIN-(1311.947+0.25*295.779))/12.;
HCG=(209.32-(sqrt(CGIN"2+(-21)"2))*sin(atan(21/CGIN)+0.00193))/12.;
LTAIL=(2417.38-CGIN)/12.;
% SET IH BASED ON CG
PCTMAC=100.*CG;
ELEV= §;
CGFWD=12;
CGAFT=34;
CLFWD=0.123;
CLAFT=0.226;
CMFWD=0.515;
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CMAFT=0.216;
CDFWD=0.1746;
CDAFT=0.1651;
DCLDE=0.008;
DCMDE=-0.025;

% other constants
BUFSIZ = 0.15;

% DT WOULD HAVE BEEN COMPUP IF IT WERE RUNNING AT COMPUP
% RADLAG=exp(-DT/RADTAU),

RUDLIM = 23,;
cs = 007,
KBYR2 = 7.75;
KLAG = 0.9;

GSPFLL = 130.0;

R2D =180./3.141593;
REXP2 = exp(-DT / 10.0);
REXP3 = exp(-DT / 1.0);
Cl6 =.084;

RUDRLM = 30.0;
KBYRDT=10.0;
VTW=VTWSS;
AUTOREVERSE=1;

% von karman filter

WNYQ = 3.1416/DT;

SRNYQ = sqrt(WNYQ);

WD = 647.9/ 1750.;
SG=VWSS/1.5;

GD = SG*sqrt(1.0/(WD*3.1416));
WF = 100. * WD:

% VON KARMAN COEFFICIENTS
VAPB=(1.339+1.118)/WD:
VATB=1.339*1.118/WD/WD;
VCPD=(0.1277+0.0146)/WD;
VCTD=0.1277*0.0146/WD/WD;
VEPF=(2.187+0.1833)/WD;
VETF=2.187*0.1833/WD/WD;
VG=0.021/WD;
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BEFORELOOP.M is a file initializing additional inputs prior to the simulation beginning
and is called by RUNROTO once. This file is not aircraft type specific. Some if

statements are aircraft type specific.
% FORCE MU TO BE FLAT FOR NON-DRY CONDITIONS
if(WET>0)
FLATMU=true;
else
FLATMU=false;
end;

G3=IG3;

G20=IG3;

G5=IGS;

G16=1G16;

G14=1G14;

KBANDRD=IKBANDRD;

LATBIAS=ILATBIAS;

VTW=VTWSS;

VW=VWSS;

CLIFT=CLFWD+((CLAFT-CLFWD)/(CGAFT-CGFWD))*(PCTMAC-CGFWD)+DCLDE*ELEV;

CDRAG=CDFWD+H(CDAFT-CDFWD)/(CGAFT-CGFWD))*(PCTMAC-CGFWD);

CMOM =CMFWD+((CMAFT-CMFWD)/(CGAFT-CGFWD))*(PCTMAC-
CGFWD)+DCMDE*ELEV;

% INITIALIZATION AND CALCULATIONS
Pl =3.141592654;
DPSI=0.0;
PSI= 0.0;
% FOR SOME REASON, EXITPOS VARIABLE DOES NOT LIKE TO BE NEGATIVE
% MAKE XSTART SO THAT FIRST EXIT IS AT 0
X=XSTART;
Y=0.0;
S1G=0.0;
DELRC=0.0;
K 1= (RS-RB)/(DELS-DELB);
K2 = RB/DELB;
SST=S*sin(THETA/57.3);
D1 = DELB-RB/K1I;
% U IS A GRND SPD
U=(VEAS+VTWSS)*1.689;
vV=0.0;
DX = U*cos(PSI) - V*sin(PSI);
DY = V*cos(PSI) + U*sin(PSI);
TRQLAG=exp(-DT/0.005);
COUNT=0.0;
ACCURLAG=exp(-DT/ACCURTAU);
ASYMBRAKE=false & (NWCLG~=0);
% XY ACCUR SETUP
ACCURRMS = sqrt(3.1416/DT)*ACCURRMS;
BUFSIZ=0.15*0;
% patch constants
WETPATCH=WET;
PATCHNOW=false;
PATCHLEN=10;
PATCHTYPE=S;
FIRSTPATCH=0;
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LASTPATCH=11500;
PATCHOFTEN=10;
DISPLN=2250;
ift MD11)
if{ DISPLN<1150)
EXITLOC(1)=4950;
EXITLOC(2)=6750;
EXITLOC(3)=8000;
EXITLOC(4)=10000;
else
EXITLOC(1)=4950;
EXITLOC(2)=6750;
EXITLOC(3)=8000;
EXITLOC(4)=10000;
end;
else
if(DISPLN<1150)
EXITLOC(1)=3300;
EXITLOC(2)=4950;
EXITLOC(3)=6750;
EXITLOC(4)=8000;
EXITLOC(5)=10000;
else
EXITLOC(1)=3300;
EXITLOC(2)=4950;
EXITLOC(3)=6750;
EXITLOC(4)=8000;
EXITLOC(5)=10000;
end;
end;
%oother

AUREVSEC= 3.0;
AUREVTHIRD= 1,
if((TURB==1)

RUDDEF= 0;
else
RUDDEF=VWSS;
end;

DECELON-=false;
LASTDECCR=0;
LASTDECCL=0;
DECELSET=0;
REVERSE=true;
AUTOREV=true;

USEMUABORT=true;

NEXIT=1;

EXITPOS=EXITLOC(NEXIT);
% ASSUME PLANE IS DECRABED
UT =(U - sin(0)*(VWSS*1.689) - cos(0)*(V TWSS*1.689))/1.689;
VEXIT= 70.0*1.689;
INITRUNTIME=1/(U/X);
OUTARRSIZE=ENDTIM/DT;
TSTEP=0;
timt=0;
TIMEOCCLAG=(9000-X)/((V EXIT+U)/2 2)+INITRUNTIME;
SWITCHDIV=0.0000000001;
ALSAMPLE=DT;
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LOWSPD=20*1.689;
BRKBUF=100;
MANUAL=0;
DRATE=8.0 ;
DTEMP=1.5;
DTIME=41;
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CREATEARRAYS.M is a file which declares array variables (mostly output). which will

decrease the simulation run time. It called by RUNROTO once.

RWFC = zeros(size(1:5000));
for i=1:5000
RWFC()=WET;
end;
breakoutin=(BDP:3000+BDP);
breakout=BDK *(breakoutin-BDP)."BDEXP;

XTH = zeros(OUTARRSIZE, 1),

DXTH = zeros(OUTARRSIZE, 1);
DUTH = zeros(OUTARRSIZE, 1);

UTH = zeros(OUTARRSIZE, 1),

YTH = zeros(OUTARRSIZE,1);

DYTH = zeros(OUTARRSIZE, 1);
DVTH = zeros(OUTARRSIZE, 1);
PSITH = zeros(OUTARRSIZE, 1);
DPSITH = zeros(OUTARRSIZE, 1);
DDPSITH = zeros(OUTARRSIZE, 1);
SIGTH = zeros(OUTARRSIZE, 1);
SIGSTRTH = zeros(OUTARRSIZE,1);
LATGTH = zeros(OUTARRSIZE, 1);
LATITH = zeros(OUTARRSIZE,1);
DRUTH = zeros(OUTARRSIZE,1);
DRURTH = zeros(OUTARRSIZE, 1);
DRUDEADTH = zeros(OUTARRSIZE, 1);
DRMPUUTH = zeros(OUTARRSIZE, 1);
DECELTH = zeros(OUTARRSIZE, 1);
EXITPOSTH = zeros(OUTARRSIZE,1);
NEXITTH = zeros(OUTARRSIZE, 1);
VEXITTH = zeros(OUTARRSIZE, 1);
RUNTIMETH = zeros(OUTARRSIZE, 1);
LONGGTH = zeros(OUTARRSIZE, 1);
LONGITH = zeros(OUTARRSIZE, 1);
POSEXITTH = zeros(OUTARRSIZE, 1);
NEGEXITTH = zeros(OUTARRSIZE, 1);
ELEVTH = zeros(OUTARRSIZE, 1);
DELRCTH = zeros(OUTARRSIZE, 1);
DPERPTH = zeros(OUTARRSIZE,1);
VPERPTH = zeros(OUTARRSIZE, 1);
TIMETH = zeros(OUTARRSIZE, 1);
FCTH = zeros(OUTARRSIZE, 1);
FNOSETH = zeros(OUTARRSIZE, 1);
FMTH = zeros(OUTARRSIZE, 1);
PMMTH = zeros(OUTARRSIZE,1);
TRTH = zeros{OUTARRSIZE,1);
MNAEROTH = zeros(OUTARRSIZE, 1);
PSICTH = zeros(OUTARRSIZE, 1);
NCTH = zeros(OUTARRSIZE, 1);
PSICGVTH = zeros(OUTARRSIZE, 1);
THSTTH = zeros(OUTARRSIZE, 1);
PBPERTH = zeros(OUTARRSIZE,1);
VWTH = zeros(OUTARRSIZE, 1);
VTWTH = zeros(OUTARRSIZE, 1);
PSIPTH = zeros(OUTARRSIZE, 1);
YAWTH = zeros(OUTARRSIZE, 1);
MUNOSETH = zeros(OUTARRSIZE, 1);
MUMAXTH = zeros(OUTARRSIZE, 1);
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MUMAXXTH = zeros(OUTARRSIZE, 1);
MUMAXRTH = zeros(OUTARRSIZE,1);
MUMAXLTH = zeros(OUTARRSIZE,1);
MUMAXCTH = zeros(OUTARRSIZE, 1);
MUCTH = zeros(OUTARRSIZE, 1),
MURTH = zeros(OUTARRSIZE, 1);
MULTH = zeros(OUTARRSIZE,1);
FMRTH = zeros(OUTARRSIZE,1);
FMLTH = zeros(OUTARRSIZE,1);
BDRAGCTH = zeros(OUTARRSIZE, 1);
BDRAGRTH = zeros(OUTARRSIZE, 1);
BDRAGLTH = zeros(OUTARRSIZE, 1);
PMCTH = zeros(OUTARRSIZE, 1);
PMRTH = zeros(OUTARRSIZE,1);
PMLTH = zeros(OUTARRSIZE,1);
YNAVTH = zeros(OUTARRSIZE,1);
XNAVTH = zeros(OUTARRSIZE,1);
DECELCOMTH = zeros(OUTARRSIZE,1);
DRAGCOMCTH = zeros(OUTARRSIZE, 1);
RMPRATETH = zeros(OUTARRSIZE,1);
EABTH = zeros(OUTARRSIZE,1);

PBTH = zeros(OUTARRSIZE,1);

SIGCTH = zeros(OUTARRSIZE,1);
YSTRIPETH = zeros(OUTARRSIZE, 1);
ZEROTH = zeros(OUTARRSIZE,1);
PBRTH = zeros(OUTARRSIZE, 1);

PBLTH = zeros(OUTARRSIZE,1);

FCRTH = zeros(OUTARRSIZE,1);

FCLTH = zeros(OUTARRSIZE,1);
PSIMRTH = zeros(OUTARRSIZE, 1);
PSIMLTH = zeros(OUTARRSIZE,1);
DRAGCOMLTH = zeros(OUTARRSIZE,1);
DRAGCOMRTH = zeros(OUTARRSIZE, 1);
DRAGMAXLTH = zeros(OUTARRSIZE, 1);
DRAGMAXRTH = zeros(OUTARRSIZE,1);
RADIUSTH = zeros(OUTARRSIZE,1);
TEMP1 = zeros(OUTARRSIZE, 1);

TEMP2 = zeros(OUTARRSIZE, 1);

TEMP4 = zeros(OUTARRSIZE,1);

TEMPS = zeros(OUTARRSIZE, 1);

TEMP6 = zeros(OUTARRSIZE,1);

TEMP3 = zeros(OUTARRSIZE, 1);
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GLOBALFILE.M is a file which declares as global so that they can be passed to a script
file function in a common block rather than as a parameter and is called by RUNROTO

once.

global SP
global SPM

global
global
global
global
global
global
global
global
global
global
global
global
global
global

WETMUT
WETMU
ICEMUT
ICEMU
SNOWMUT
SNOWMU
SLUSHMUT
SLUSHMU
FLOODMUT
FLOODMU
CONSTMUT
CONSTMU
CONST2MUT
CONST2MU

global PATCHNOW FIRSTPATCH LASTPATCH PATCHLEN PATCHTYPE PATCHOFTEN
global DT

global TMGD TNGD USEMUABORT

global COMPUP DECLIM SST K2 RB OD HS DELS RP WS S MUROLL D1 K1 K2 DELB

global spiralexitx spiralexity spiralexitx22 spiralexity22 spiralexitr22

global TIMEOCCLAG FLATMU

global tmpfy111 tmpfy222 mulim1ist mulim2ist MUSKIDT MUSKID

global SW RWFC A B BC W

global HCG ASEFF VEAS VTW XSTART REVERSE AUTOREV

global CDFWD CDAFT CDFWD CGAFT CGFWD PCTMAC CGFWD

global THSIT THS1 THSRT THSR THSTIT THSTI THSNT THSN THSRNT THSRN fyl11

fy222
global
global

psisk2 vskid2 murat2 mulim2 MDI11 CG
psiskl vskidl muratl mulim] thstmulast BRKBUF DRATE DTIME WINGSPAN
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FUNCPREDICTABORT.M is a MATLAB script function file called from
RUNROTO.M once, containing the exit prediction algorithm. The parameters passed to
it are variables predicted at touchdown. The following files are additional script file

functions called by this algorithm.

function abortearly = funcpredictabort(upre,utpre,xnavpre,vwsspre, vexit,exitpos,nexit)
% these inputs are predicted vaiues at touchdown

% in the simulation time=0 at maingear touchdown

global SW RWFC W ASEFF REVERSE AUTOREV

global CDFWD CDAFT CGAFT CGFWD PCTMAC DECLIM TMGD TNGD
global USEMUABORT TIMEOCCLAG

global thstmulast BRKBUF DRATE DTIME MD11 CG

% initialize variables
thstmulast=0;
abortearly=0;
decelpreon=0;
runtimepre=1/(upre/xnavpre),
lenfems=250;
disfems=0;
lenx =50;
futt=0;
fudt=0;
tempw = utpre*1.689-upre;
futut=utpre,
deccnstu=upre;
deccnstx=xnavpre;
deccnstbd=exitpos-xnavpre;
futu=upre;
futut=(futu+tempw)/1.689;
thstpre=functhrusttREVERSE, AUTOREYV futt,futut,xnavpre,exitpos,0.,futu,0.5);
CDRAG=CDFWD-+(CDAFT-CDFWD)/(CGAFT-CGFWD))*(PCTMAC-CGFWD);
adragmu = (utpre”2)/295.37*CDRAG*SW;
itemp=1+xnavpre/lenfcms;

% how does weight and cg error affect exit prediction

wpre=W+0;

cgpre=CG+0;

if(MD11)
if(wpre>480000)wpre=480000;end,;
if(wpre<340000)wpre=340000;end;
if(cgpre>.34)cgpre=.34;end;
if(cgpre<.12)cgpre=.12;end;

else
if(wpre>128000)wpre=128000;end;
if(wpre<82000)wpre=82000;end;
if(cgpre>.34)cgpre=.34;end;
if(cgpre<-0.008)cgpre=-.008;end;

end;

% CALCULATE NEW cgpre VARIABLES BASED ON FRACTION CG

if(MD11)
cginpre=1311.947+CG*295.779;
apre=(cginpre-473.437)/12.;
bpre=(1442-cginpre)/12.;
bepre=(1472.62-cginpre)/12.;
hegpre=(209.32-(sqrt(cginpre”2+(21)*2))*sin(atan(21/cginpre)+0.00193))/12.;

else
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cginpre=885.547+CG*158.512;
apre=(cginpre-97.998)/12.;
bpre=(967.1-cginpre)/12.;
bepre=0;
hcgpre=(83.029-(sqrt(cginpre”2+(5.1)"2))*sin(atan(-5.1/cginpre)+0.018))12.;
end;
temp=apre-+bpre;
[mumax,mumaxx]=funcfc(R WFC(itemp),upre,xnavpre,temp);
% drag contributions due to crosswind
dragcrs=abs(vwsspre)/57.3%4,;
% drag contributions
otherd=((+thstpre-adragmu)/wpre)*32.2+dragcrs;
tempdlast=0;

tempd= (vexit"2- futu”2)/(exitpos-xnavpre)/2.0 ;
if(nexit>=3 | -tempd>7.0)
DRATE=8.0;
else
DRATE=6.0;
end;
tempd=0;
timeocclag=TIMEOCCLAG;
timepreocclag=timeocclag;
decelprerate=0;
lastprexnav=xnavpre;
lastpredeccalc=0;
% advance aircraft location to next friction measurement (every lenx feet)
for i =200:lenx :11450
% start after touchdown point
if(i > xnavpre & i < exitpos)
futulast=futu;
% delay decel cmd after touchdown
if(-TMGD+futt < TNGD)
tempd=0;
end;
if(-tempd>DECLIM)
tempd=-9;
end;
% rate limit decel cmd
if(abs(-tempd-tempdlast) > 1.33*fudt)
if(-tempd-tempdlast > 0.)
tempdset=tempdlast+1.33*fudt;
else
tempdset=tempdlast-1.33*fudt;
end;
else
tempdset=-tempd;
end;
tempdlast=tempdset;
% advance ground speed for travel distance using decel cmd, drag & thrust
if(i-xnavpre > lenx)
futu=sqrt(futu*futu+2*(-tempdset-+otherd)*(lenx));
else
futu=sqri(futu*futu+2*(-tempdset-+otherd)*(i-xnavpre));
end;

% calculate desired speed profile ground speed
if(decelpreon)
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temp=deccnstu-~(i+BRKBUF-deccnstx)*(deccnstu-vexit)/decenstbd;
else
temp=0;
end;
% limit ground speed at or above speed profile ground speed
if(temp < vexit)
temp=vexit;
end;
if(futu < temp)
futu=temp;
end;
% advance time for travel distance using average of ground speed & last value
if(i-xnavpre > lenx)
fudt=lenx/(futulast+futu)*2;
else
fudt=(i-xnavpre )/(futulast+futu)*2;
end;
futt=futt+fudt;
% this is how you would normally calculate time except that we limit
% futu above to const vel line
% futt=futt+(futu-futulast)/(-tempdset);

% calculate airspeed, assumes winds are constant
futut=(futu+tempw)/1.689;

% calculate thrust using airspeed & whether braking is engaged
temp=i;
if(decelpreon)
thstmu=functhrusttREVERSE,AUTOREYV  futt futut temp,exitpos, 1 ., futu,0.5);
else
thstmu=functhrusttREVERSE,AUTOREYV futt,futut,temp,exitpos,0.,futu,0.5);
end;
% calculate aircraft drag along runway using airspeed
adragmu = (futut"2)/295.37*CDRAG*SW;

% calculate friction available from surface at main gear (mumaxx)
% lenx stepsize may be smaller than friction measurement spacing
if(disfcms<=0)
disfcms=lenfcms;
itemp=1+i/lenfcms;
temp=i;
temp2=apre+bpre;
[mumax,mumaxx])=funcfc(R WFC(itemp),futu,temp,temp2);
end;
disfcms=disfcms-lenx;

% calculate required deceleration
tempd = ((vexit )"2- futu"2)/(exitpos-i)/2.0;
deceltemppre=-tempd;
% calculate AVAILABLE friction fraction available at main gear using
% aircraft parameters (gear loading & avg anti-skid eff)
muavailarr=mumaxx*ASEFF*...
(apre-+hcgpre* (-adragmu/wpre+tempd/32.2))/(apre-+H8*bpre+2*bcpre)/10.);
% calculate NEEDED friction taking into account aircraft drag and thrust
% *2 increases predict accuracy
muneedarr=(-tempd/32.2-(-thstmu-+adragmu)/wpre)*2;
otherd=((+thstmu-adragmu)/wpre)*32.2+dragcrs;
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% engage braking logic
temp=( (exitpos-i )*(-tempd -lastpredeccalc)/...
( i-lastprexnav)-tempd );
decelprerate = temp;
lastprexnav= i;
lastpredeccalc=-tempd;
timepreocclast=timepreocclag;
timepreocc=(exitpos—i)/((vexit+futu)/2.2)+ﬁ1tt+runtimepre;
% TIME FOR DECEL AT 7.5
tempt= (futu-vexit)/7.5;
% DISTANCE OF DECEL AT 7.5
tempdis=-(vexit"2- futu"2)/2.0/7.5;
% TIME REQUIRED
temp=BRKBUF/vexit+(exitpos-i-BRKBUF-tempdis)/futu-+tempt;
% TIME REMAINING
dtemp=DTIME-futt-runtimepre;

timepreocclag= timepreocc+(timepreocclag-timepreocc)*exp(-0.5);
% set decel command to available friction if braking is engaged
if((decelpreon) |...

((decelprerate>DRATE) [(timepreocc<DTIME)|(temp>dtemp))...
((timepreocclag>timepreocclast)&(futt>6))))
if(~decelpreon)

deccnstu=futu;
deccnstx=i;
deccnstbd=exitpos-i;

end,;
decelpreon=1;
tempd=-muavailarr*32.2;

else
tempd=0;
end;
end;
end;
% exit for loop if aircraft is past ROTO exit
% ABORT EXIT if NEEDED friction > AVAILABLE friction
if(USEMUABORT)
abortearly=muneedarr > muavailarr;
% [muneedarr,muavailarr,futu]
end;
% ABORT EXIT if required deceleration > allowed deceleration
if((~abortearly)&(deceltemppre>DECLIM))
abortearly=1;
end;
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FUNCTHRUST.M is a script function calculating forward and reverse thrust and is
called by FUNCPREDICTABORT.

function thst = functhrust(reverse,autorev.time,ut,xnav,exitpos,aurevmult,u,dttau)

global THSI1T THS1 THSRT THSR THSTIT THSTI THSNT THSN THSRNT THSRN
thstmulast

% auto-reverse thrust control logic
% do not use auto-reverse thrust until brakes start
if((~reverse)j({xnav+250)>exitpos)j(u<70*1.689))
if (time<8.0)
thst=funcinterp(ut, THS1T,THS1,length(THS1T));
else
thst=funcinterp(ut, THSNT,THSN,length(THSNT));
end;
else
%  reverse thrust for non-dry runway
if (time<THSTIT(1))
thst=funcinterp(time ,THSTIT,THSTL length(THSTIT));
% thrust arrays have to be set right for this to work,scale spool up
if(ut<THSRT(2))
temp=funcinterp(ut ,THSRT,THSR,length(THSRT));
temp=temp/THSR(2);
else
temp=1;
end;
thst=thst*temp;
else
thst=funcinterp(ut ,THSRT,THSR,length(THSRT));
end;
thsttemp=funcinterp(ut, THSRNT,THSRN, length(THSRNT));
% add reverse idle limit here
if((thst<thsttemp) & autorev & (time>5.))
temp=  aurevmult*(thst-thsttemp)-+thsttemp;
% engine lag, first 10 sec already lagged
thst = temp+(thstmulast -temp)*exp(-dttau );
end;
end;
thstmulast=thst;
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FUNCFC.M is a script function which calculates surface friction and is called by
FUNCPREDICTABORT.

function [mumax,mumaxx]=funcfc(wet,U,x,nlen)

global SP
global SPM

global WETMUT

global WETMU

global ICEMUT

global ICEMU

global SNOWMUT

global SNOWMU

global SLUSHMUT

global SLUSHMU

global FLOODMUT

global FLOODMU

global CONSTMUT

global CONSTMU

global CONST2MUT

global CONST2MU

global PATCHNOW FIRSTPATCH LASTPATCH PATCHLEN PATCHTYPE PATCHOFTEN

munose=1;
mumain=1;
% get nose gear mu
% assume PSIP=0
if(PATCHNOW&((x+nlen)>FIRSTPATCH)&((x+nlen)<LASTPATCH)& ...
( fix( fix((x+nlen)/PATCHLEN)/PATCHOFTEN)== ...
fix((x+nlen)/PATCHLEN)/PATCHOFTEN))
wetpatch=PATCHTYPE;
else
wetpatch=wet;
end;
% dry runway
mumax = (0.93 - 0.0011* SP )*(1. - 0.0013*( U/1.689));
% wet runway
if(wetpatch==1)
munose=funcinterp(U/1.689, WETMUT,WETMU, length( WETMUT));
% icy runway
else
if(wetpatch==2)
munose=funcinterp(U/1.689,ICEMUT,ICEMU, length(ICEMUT));
% snowy runway
else
if(wetpatch==3)
munose=funcinterp(U/1.689,SNOWMUT,SNOWMU, length(SNOWMUT));
% slushy runway
else
if(wetpatch==4)
munose=funcinterp(U/1.689,SLUSHMUT,SLUSHMU, length(SLUSHMUT));
% flooded runway
else
if(wetpatch==5)
munose=funcinterp(U/1.689,FLOODMUT,FLOODMU length(FLOODMUT)):
% const runway , read friction coefficient in from input directly
else
if(wetpatch==6)
munose=funcinterp(U/1.689,CONSTMUT,CONSTMU, length(CONSTMUT));
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else
if(wetpatch==7)
munose=funcinterp(U/1.689,CONST2MUT,CONST2MU, length(CONST2MUT));
end;
end;
end;
end;
end;
end;
end;
% get main gear mu
if(PATCHNOW&((x)>FIRSTPATCH)&((x)<LASTPATCH)& ...
( fix( fix((x)/PATCHLEN)PATCHOFTEN)== ...
fix((xX)YPATCHLEN)/PATCHOFTEN))
wetpatch=PATCHTYPE;
else
wetpatch=wet;
end;
% dry runway
mumaxx= (0.93 - 0.0011* SPM)*(1. - 0.0013*( U/1.689));
if(wetpatch==1)
mumain=funcinterp(U/1.689, WETMUT,WETMU, length( WETMUT));
% icy runway
else
if(wetpatch==2)
mumain=funcinterp(U/1.689,JCEMUT,ICEMU,length(ICEMUT));
% snowy runway
else
if(wetpatch==3)
mumain=funcinterp(U/1.689,SNOWMUT,SNOWMU, length(SNOWMUT));
% slushy runway
else
if(wetpatch==4)
mumain=funcinterp(U/1.689,SLUSHMUT,SLUSHMU, length(SLUSHMUT));
% flooded runway
else
if{wetpatch==5)
mumain=funcinterp(U/1.689,FLOODMUT,FLOODMU, length(FLOODMUT)),
% const runway , read friction coefficient in from input directly
else
if(wetpatch==6)
mumain=funcinterp(U/1.689,CONSTMUT,CONSTMU, length(CONSTMUT)),
else
if(wetpatch==7)
mumain=funcinterp(U/1.689,CONST2MUT,CONST2MU, length(CONST2MUT));
end;
end;
end;
end;
end;
end;
end;
if(wetpatch>5)
mumaxx=mumain;
mumax=munose;
else
mumaxx=mumaxx*mumain;
mumax=mumax*munose;
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end,
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FUNCINTERPY .M is a script function returning the y value of the centerline and 1s called
by FUNCPREDICTABORT.

function y=funcinterpy(x,exitpos)
global spiralexitx spiralexity

newx=x-exitpos;
if (newx<0)
y=0.;
else
if (newx>2200.688)
y=600.;
else
if (newx<1362.1)

% disp(' Point 1, funcinterpy’),keyboard
y=funcinterp(newx,spiralexitx,spiralexity,length(spiralexitx));
else

if (newx<1800.517)
y=-460.397+0.5*(newx-149.669)/0.8660254;
else
endcrv=2200;
smrad=800;
a=l.;
b= 2.%200.;
c=newx*newx-2.*endcrv*newx-+endcrv*endcrv-smrad*smrad+200.*200.;
y=(-b+sqrt(b*b-4.*a*c))/(2.*a);
end;
end;
end;
end;
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FUNCINTERP .M is a script function interpolating vectors and is called by
FUNCPREDICTABORT.
function y = funcinterp(x,xarray,yarray,npts)
if (xarray(1) < xarray(npts))
for i=2:npts
if (xarray(i) > x)|(i==npts)
y ; (x-::amy(i-1))/(xarray(i}xmy(i-1))"‘(yarray(i)-yamy(i-l ) + yarray(i-1);
reak;
end;
end;
else
for i=npts-1:-1:1
if(xarray(i) > x)|(i==1)
y:(X-iarray(iﬂ))/(xarray(i}xamy(iﬂ))*(yamy(i}yamy(i*r1))+yamy(i+l);
reak;
end;
end;
end ;
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FUNCPERPDIST.M is a script function returning the aircraft’s perpendicular distance to
the centerline and is called by FUNCPREDICTABORT. The XPATH input is already

determined to be the X location of the centerline perpendicular to the aircraft.
function dist = funcperpdist(x,y,xpath,exitpos)

% REAL*8 DIST

ypath = funcinterpy(xpath,exitpos);
if(abs(y-ypath)~=0)
dist=sqrt((x-xpath)"2+(y-ypath)"2)*abs(y-ypath)/(y-ypath);
else
dist=abs(x-xpath);
end;
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SCRIPTWRITEPLOTDATA.M is a script file to create and write output variables from
the simulation run and is called by RUNROTO. The following files are used by

scriptwriteplotdata.
global fid

i=TIME/INTVL+1;
if(i>1000)i=1000;end;
for TSTEP=1:i
skip=((TSTEP-1)/DT*INTVL)+1;
% create variables that are created from others before
% creating others

% DISPLAY WHEN WING TIP EXITS RUNWAY SIDE, VARIABLE ON RUNWAY WIDTH=75
cIrdist=WINGSPAN*cos(PSITH(skip)/57.3)+75;
if(abs(Y TH(skip))>clrdist)
RUNTIMETH(TSTEP)=RUNTIMETH(TSTEP -1);
else
RUNTIMETH(TSTEP)=RUNTIMETH(skip);
end;
RUNTIMETH(1)=1/((VEAS+VTW)*1 .689/XSTART);
if(LONGJTH(TSTEP)>0.15)LONGJTH(TSTEP)=0.1 5;end;
ifLONGITH(TSTEP)< -0.45)LONGJTH(TSTEP)= -0.45;end;

ifi(XTH(skip)<800+EXITLOC(1 N&XTH(skip)>EXITLOC(1 ))&(XTH(skip)<EXITPOSTI—l(skip)))
YSTRIPETH(TSTEP) =ﬂmcinterpy(X‘IH(skip)+EXI‘l‘POSTH(skip)—
EXITLOC(1),EXITPOSTH(skip));
else

if((XTH(skip)<800+EXITLOC(2))&(XTH(skip)>EXI’I'I..OC(Z))&(XTH(skip)<EXITPOSTH(skip)))
YSTRIPETH(TSTEP) =ﬁmcinterpy(X’IH(skip)+EXITPOS'I'H(skip)-
EXITLOC(2),EXITPOSTH(skip));
else

if((XTH(skip)<800+EXITLOC(3))&(X'I'H(skip)>EXITLOC(3))&(XTH(skip)<EXITPOSTH(skip)))
YSTRIPETH(TSTEP) =ﬁmcinterpy(X'IH(skip)+EXITPOST'H(skip)-
EXITLOC(3),EXITPOSTH(skip));
else
YSTRIPETH(TSTEP) =funcintcrpy(XTH(skiP),EXITPOSTH(skip));
end;
end;
end;
TEMP=XTH(skip)—EXITPOSTH(skip);
" if(TEMP<0.0)
POSEXITTH(TSTEP) = ((150-TREAD)/2. -LATBIAS);
else
if (TEMP<680 )
POSEXITTH(TSTEP) = (((90+60*(680 -TEMP)/680 ) -TREAD)/2. -LATBIAS);
else
POSEXITTH(TSTEP) = ((90-TREADY2. -LATBIAS);
end;
end;
NEGEXITTH(TSTEP) = -POSEXITTH(TSTEP) ;
ZEROTH(TSTEP) =0;
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XTH(TSTEP) =  XTH(skip);
PBPERTH(TSTEP) =(PBTH(skip) +PBRTH(skip) +PBLTH(skip) )/3./PSUP*100.;
MUMAXRTH(TSTEP) =MUMA XX TH(skip) ;
MUMAXLTH(TSTEP) = -MUMAXXTH(skip) ;

MUMAXCTH(TSTEP) =MUMA XX TH(skip) ;

MUCTH(TSTEP) =sqrt(FCTH(skip) ~2+BDRAGCTH(skip) "2)/PMCTH(skip) ;
MURTH(TSTEP) =sqrt(FMRTH(skip) ~2+BDRAGRTH(skip) “2)/PMRTH(skip) ;
MULTH(TSTEP) = -sqrt(FMLTH(skip) ~2+BDRAGLTH(skip) ~2)/PMLTH(skip) ;

TIMETH(TSTEP)=TIMETH(skip);
DXTH(TSTEP) = DXTH(skip);
DUTH(TSTEP) = DUTH(skip);
UTH(TSTEP) = UTH(skip)/1.689;
YTH(TSTEP) = YTH(skip);
DYTH(TSTEP) = DYTH(skip);
DVTH(TSTEP) = DVTH(skip);
PSITH(TSTEP) = PSITH(skip);
DPSITH(TSTEP) = DPSITH(skip);
DDPSITH(TSTEP) = DDPSITH(skip);
SIGTH(TSTEP) = SIGTH(skip) ;
SIGSTRTH(TSTEP) = SIGSTRTH(skip);
LATGTH(TSTEP) = LATGTH(skip);
LATITH(TSTEP) = LATJTH(skip) ;
DRUTH(TSTEP) = DRUTH(skip);
DRURTH(TSTEP) = DRURTH(skip) ;
DRUDEADTH(TSTEP) = DRUDEADTH(skip) ;
DRMPUUTH(TSTEP) = DRMPUUTH(skip);
DECELTH(TSTEP) = DECELTH(skip);
NEXITTH(TSTEP) = NEXITTH(skip);
VEXITTH(TSTEP) = VEXITTH(skip);
RUNTIMETH(TSTEP) = RUNTIMETH(skip);
LONGGTH(TSTEP) = LONGGTH(skip);
LONGITH(TSTEP) = LONGJTH(skip);
ELEVTH(TSTEP) = ELEVTH(skip) ;
DELRCTH(TSTEP) = DELRCTH(skip) ;
DPERPTH(TSTEP) = DPERPTH(skip);
VPERPTH(TSTEP) = VPERPTH(skip);
FCTH(TSTEP) = FCTH(skip);
FNOSETH(TSTEP) = FNOSETH(skip);
FMTH(TSTEP) = FMTH(skip) ;
PMMTH(TSTEP) = PMMTH(skip);
TRTH(TSTEP) = TRTH(skip);
MNAEROTH(TSTEP) = MNAEROTH(skip) ;
PSICTH(TSTEP) = PSICTH(skip);
NCTH(TSTEP) = NC;

PSICGVTH(TSTEP) = PSICGVTH(skip) ;
THSTTH(TSTEP) = THSTTH(skip);
VWTH(TSTEP) = VWTH(skip);
VTWTH(TSTEP) = VTWTH(skip);
PSIPTH(TSTEP) = PSIPTH(skip);
YAWTH(TSTEP) = YAWTH(skip);
MUNOSETH(TSTEP) = MUNOSETH(skip);
MUMAXTH(TSTEP) = MUMAXTH(skip) ;
FMRTH(TSTEP) = FMRTH(skip);
FMLTH(TSTEP) = FMLTH(skip);
BDRAGCTH(TSTEP) = BDRAGCTH(skip);
BDRAGRTH(TSTEP) = BDRAGRTH(skip);
BDRAGLTH(TSTEP) = BDRAGLTH(skip);
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PMCTH(TSTEP) = PMCTH(skip);
PMRTH(TSTEP) = PMRTH(skip);
PMLTH(TSTEP) = PMLTH(skip);
YNAVTH(TSTEP)=YNAVTH(skip);
XNAVTH(TSTEP) = XNAVTH(skip);
DECELCOMTH(TSTEP) = DECELCOMTH(skip);
DRAGCOMCTH(TSTEP) = DRAGCOMCTH(skip);
RMPRATETH(TSTEP) = RMPRATETH(skip);
EABTH(TSTEP) = EABTH(skip);

PBTH(TSTEP) = PBTH(skip);

SIGCTH(TSTEP) = SIGCTH(skip);
PBRTH(TSTEP) = PBRTH(skip) ;
PBLTH(TSTEP) = PBLTH(skip);
RADIUSTH(TSTEP) = RADIUSTH(skip);

end;
TSTEP=i;

% PRINT OUT TIME HISTORY ARRAYS AND CROSS PLOT ARRAYS
fprintf(ﬁd,' e e ok ok e ok ok ok OU’I‘PUT DATA EEERREEERREE KK \n')’
fprintf(fid,’ XY \n");
funccrossplot(XTH,YTH,TSTEP);
fprintf(fid,’ X YSTRIPE \n");
funccrossplot(XTH,Y STRIPETH,TSTEP);
fprintf(fid,’ TIME U Y PSI YSTRIPE n");

functimhist(TIMETH,UTH,YTH,PSITH,YSTRIPETH, TSTEP);
fprintf(fid,’ X DV U PSI  YSTRIPE \n);
functimhist(XTH,DVTH,UTH,PSITH, YSTRIPETH, TSTEP);
fprintf{fid,’ TIME DV DY DPSI DU \n);
functimhist(TIMETH,DVTH,DY TH,DPSITH,DUTH, TSTEP);
fprintf(fid,' TIME DV SIGSTRDELRC DPERP \n);
functimhist(T]METH,DVTH,SIGSTRTH,DELRCTH,DPERPTH,TSTEP);
fprintf(fid,’ TIME DDPSI FC FNOSE FM \n;
functimhist(TIMETH,DDPSITH,FCTH,FNOSETH,FMTH,TSTEP);
fprintf(fid,’ TIME PMM PSIP THST TR \n;
functimhist(TIMETH,PMMTH,PSIPTH,THSTTH,TRTH, TSTEP);
fprintf(fid,’ TIME MNAERO PSIC NC PSICGV \n";
functimhist(TIMETH,MNAERO'['H,PSICTH,NCTH,PSICGVTH,TSTEP);
fprintf(fid,’ X MUNOSE MUMAX DPERP VPERP \n');
functimhist(XTH,MUNOSETI-I,MUMAXTH,DPERP’I’I-I,VPERPTH,TSTEP);
fprintf(fid,’ X LATG SIG YAW DV \n");
functimhist(XTH,LATGTH,SIGTH,YAWTH,DVTH, TSTEP);
fprintf(fid,’ SIGSTR FNOSE LATG MUNOSE DV,

functimhist(SIGSTRTH,FNOSETH,LATGTH,MUNOSETH,DVTH,TSTEP);
fprintf(fid,' X DRU DRUR DRUDEAD DRMPUU \n');
functimhist(XTH,DRUTH,DRURTH,DRUDEADTH,DRMPUUTH, TSTEP);
fprintf(fid,’ X DECELCOM NEXIT RUNWAYTIME LONGG \n');
functimhist(XTH,DECELCOMTH,NEXITTH,RUNTIMETH,LONGG'I'H,TSTEP);
fprintf(fid,’ X POSEXIT NEGEXIT LATJ LONGJ \n'),;
functimhist(XTH,POSEXITTH,NEGEXITTH,LATJTH,LONGJTH,TSTEP);
fprintf(fid,' XPERCENT BRK THRUST TAILWIND CROSSWIND\n');
functimhist(XTH,PBPERTH,THSTTH,VTWTH,VWTH,TSTEP);
fprintf(fid,’ X XNAV YNAV ELEV  CROSSWIND\n');
functimhist(XTH,XNAVTH,YNAVTH,ELEVTH,VWTH,TSTEP);
fprintf(fid,’ X MUMAXR MUR MUMAXC MUC \nY);
functimhist(XTH,MUMAXRTH,MURTH,MUMAXCTH,MUCTH,TSTEP);
fprintf(fid,’ X MUMAXL MUL DX ZERO \n;
functimhist(XTH,MUMAXLTH,MULTH,DXTH,ZEROTH,TSTEP);
fclose(fid);
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FUNCCROSSPLOT.M is a script function write format and is called by
SCRIPTWRITEPLOTDATA.
function funccrossplot(paral,para2.tstep)

global fid

fprintf(fid, PLOTDEF\n");

fprintf(fid, XREAD(1)=1\n"),

fprintf(fid, YREAD(1)=2\n");

fprintf(fid, END\n');

fprintf(fid, DATAW'),

for i=1:tstep

fprintf(fid,'%13.6e %13.6e\n',paral(i),para2(i));
end;

fprintf(fid, END\n');
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FUNCTIMEHIST.M is a script function write format and is called by

SCRIPTWRITEPLOTDATA.
function functimhist(tim,paral,para2,para3,para4,tstep)

global fid

fprintf(fid,'PLOTDEF\n');

fprintf(fid, XREAD(1)=1\n");

fprintf(fid, YREAD(1)=2\n");

fprintf(fid, YREAD(2)=3\n"),

fprintf(fid,' YREAD(3)=4\n");

fprintf(fid, YREAD(4)=5\n"),

fprintf(fid,END\n");

fprintf(fid, DATA\n");

for i=1: tstep
fprintf(fid,'%13.6e %13.6e %13.6e %13.6¢ %13.6e\n’,tim(i),para1(i),para2(i),para3(i),parad(i));
end ;

fprintf(fid,END\n');
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FUNCINPUT.C is C function file which is converted to a CMEX file and called by
ROTO SIMULINK picture AERO in file MODELROTOBIG.M. It returns the aircraft
lateral deviation from the centerline and aircraft heading. It uses CENTERLINE.M for
spiral exit centerline coordinates (2 feet apart).

#include <math.h>

#include <stdio.h>

#include "mex.h"

/* Input Arguments */

#define UP_IN prhs[0]

/* Output Arguments */

#define YP_OUT plhs[0]

#define inputvec 4

double funcinterp(double x,double xarray[],double yarray[],int npts)
{
double y;
int I;
y=-1.0;
if (xarray{0] < xarray[npts-1])
for (i=1;i<=npts-1;i++)
{
if ((xarray[i] > x) [|(i==npts-1))
{
y = (x-xarray[i-1])/(xarray[i]-xarray[i-1])*(varray(i}-yarray[i-1]) + yarray[i-1};
retumy;
3
I8
i
else
for (i=npts-2;i>=0;i--)
{
i{((xarray[i] > x)|I(i==0))
y=(x-xarray[i+1])/(xarray[i}-xarray[i+1])*(yarray[i]-yarray[i+1])+yarray[i+1];

return y;

I

double funcinterpy(double x,double exitpos)

double y;
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double newx,endcrv,smrad,a,b,c;

double *spiralexitx,*spiralexity;
int lenspiralexit;

spiralexitx=mxGetPr(mexGetGlobal("spiralexitx));
spiralexity=mxGetPr(mexGetGlobal("'spiralexity™));
lenspiralexit=mxGetM(mexGetGlobal("spiralexitx"));

newx=x-exitpos;
if (newx<0)
{
y=0;
}

else

if (newx>2200.688)
{

y=600.;
}

else

if (newx<1362.1)
{
y=funcinterp(newx,spiralexitx,spiralexity, lenspiralexit);
}

else

if (newx<1800.517)
{

y=-460.397+0.5*%(newx-149.669)/0.8660254;
}
else

endcrv=2200;
smrad=800;
a=l.;

b= 2.*200.;

c=newx*newx-2.*endcrv*newx+endcrv*endcrv-smrad*smrad+200.*200.;
y=(-b+sqrt(b*b-4.*a*c))/(2.*a);

)

return y;

double funcperpdist(double x,double y,double xpath,double exitpos)

double dist,ypath;
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ypath = funcinterpy(xpath,exitpos);
if(fabs(y-ypath)!=0)

{
dist=sqrt(pow((x-xpath),2+pow((y-ypath),2))*fabs(y-ypath)/(y-ypath);
else

{
dist=fabs(x-xpath);
}

return dist;

}

/*  function [dperp,vperp,psip] = funcinput(u) */
void funcinput(double yout[], double u[])

double x,y,exitpos,psi;
double olddp;

double DT;
double fpathx,dlat,far,near,mid,fardst,neardst,middst,dperp, vperp;

double Iastmiddst,xclose,yclose,xplus,yplus,psip,dyp,dxp;

DT=*mxGetPr(mexGetGlobal("DT"));
/*  olddp=*mxGetPr(mexGetGlobal("olddp"));*/

x=u[0];
y=u[l];
exitpos=u(2];
psi=u[3];
/*  printf("%f %f %f %f\n",x,y,exitpos,psi);*/

/* AIRCRAFT DISPLACEMENT PERPENDICULAR TO PATH, CLOSEST POINT ON PATH */

fpathx= funcinterpy(x,exitpos);
dlat=fabs(y-fpathx);
if(dlat < 1.0)

{
diat=1.0;

3
far=(x+dlat);
near=(x-dlat);

mid=x;
fardst=funcperpdist(x,y,far,exitpos);
fardst=fabs(fardst);
neardst=funcperpdist(x,y,hear,exitpos);
neardst=fabs(neardst);
middst=funcperpdist(x,y,mid,exitpos);
dperp=10000;

lastmiddst=0.0;

while (((fabs(fabs(middst)-fabs(dperp))) > 0.0000005) && (middst != lastmiddst))

dperp=middst;
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if (fardst-neardst < 0)
{
near=mid;
neardst=fabs(middst);
}
else
{
far=mid;
fardst=fabs(middst);
}s
mid=(far+near)/2.0;
lastmiddst=middst;
middst = funcperpdist(x,y,mid,exitpos);
}; /*% end of while loop*/

dperp=middst;
xclose=mid,;
yclose=funcinterpy(xclose,exitpos);

/*% AIRCRAFT VELOCITY PERPENDICULAR TO PATH
cannot take derivatives in cmex file. file called more than once per iteration.
vperp=(dperp-olddp)/DT;
olddp=dperp;
mxSetPr(mexGetGlobal("olddp"),&olddp);*/
/*% AIRCRAFT YAW ANGLE WITH RESPECT TO PATH*/
dxp=.001;
xplus=xclose+dxp;
yplus=funcinterpy(xplus,exitpos);
dyp=yplus-yclose;
psip=psi-57.3*atan(dyp/dxp);

yout[0]=dperp;
/*  yout[1]=vperp;*/
yout[1]=psip;

}

void mexFunction(
int nihs,
Matrix *plhs|[],
int nrhs,

Matrix *prhs[]
)

double *yp;
double *u;
unsigned int m,n;

7* Check for proper number of arguments */
if (nrhs !=1) {
mexErrMsg Txt("Funcinput routine requires one vector input argument.");

} else if (nths > 1) {
mexErrMsgTxt("Funcinput routine produces one vector output argument.");
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/* Check the dimensions of u. */

m = mxGetM(UP_IN);
n = mxGetN(UP_IN);

if (\mxIsNumeric(UP_IN) || mxIsComplex(UP_IN) ||
imxIsFull(UP_IN) || !mxIsDouble(UP_IN) ||
(!(m == inputvec && n == 1) &&!(m == 1 && n == inputvec)) )

mexErrMsgTxt("Funcinput routine requires 4 input vector.");

}

/* Create a Matrix for the return argument */
YP_OUT = mxCreateFull(1,2, REAL);
/* Assign pointers to the various parameters */

yp = mxGetPr(YP_OUT);
u = mxGetPr(UP_IN);

/* Do the actual computations in a subroutine */
funcinput(yp,u);

return;
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FUNCINPUTNAV.C is C function file which is converted to a CMEX file and called by
ROTO SIMULINK picture CTRLLAWS20HZ in file MODELROTOBIG.M. It returns
the aircraft lateral deviation from the centerline and aircraft heading. It uses
CENTERLINE?22 M for spiral exit centerline coordinates. (~100 feet apart)

#include <math.h>
#include <stdio.h>
#include "mex.h"

/* Input Arguments */

#define UP_IN prhs[0]
/* Output Arguments */
#define YP_OUT plhs[0]

#define inputvec 4

double funcinterpnav(double x,double xarray[],double yarray[],int npts)

{
double y;

int i;
y=-1.0;
if (xarray{0] < xarray[npts-1])
{
for (i=1;i<=npts-1;i++)
if ((xarray[i] > x)|/(i==npts-1))

y = (x-xarray[i-1])/(xarray[i}-xarray(i-1])*(yarray[i]-yarray{i-1]) + yarray[i-1];

return y;

|5
IR

}

else
for (i=npts-2;i>=0;i--)
if((xarray[i] > x) [|(i==0))
;=(x-xarray[i+1])/(xarray[i]-xarray[i+1])‘(ymy[i]-ymy[i+1])+yarray[i+1];

return y;
b

double funcintrpynav(double x,double exitpos)
{
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double y;
double newx,endcrv,smrad,a,b,c;

double* spiralexitx22 *spiralexity22;
int lenspiralexit22;

spiralexitx22=mxGetPr(mexGetGlobal("spiralexitx22"));
spiralexity22=mxGetPr(mexGetGlobal("spiralexity22"));
lenspiralexit22=mxGetM(mexGetGlobal("spiralexitx22"));

NewX=x-exitpos;
if (newx<0)
{
y=0.;
}

else

if (newx>2200.688)

y=600.;
}

else

{
y=funcinterpnav(newx,spiralexitx22, spiralexity22,lenspiralexit22);
} .

1)

IR

return y;

}

double funcperpdistnav(double x,double y,double xpath,double exitpos)

double dist,ypath;

ypath = funcintrpynav(xpath,exitpos);
if(fabs(y-ypath)!=0)

}dist=sqn(pow((x-xvath),2)+p<>W((y-ypath)2))*fab5(y-ypath)/(y-ypath);
else

dist=fabs(x-xpath);
1

return dist;
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/*  function [dperp,vperp,psip] = funcinputnav(u) */
void funcinputnav(double yout[], double u[])

double x,y,cgx,cgy,exitpos,psi;

double olddpl,A,B;

double DT;

double fpathx,diat,far,near,mid,fardst,neardst,middst,dperp,vperp;
double lastmiddst,xclose,yclose,xplus,yplus,psip,dyp,dxp;

DT=*mxGetPr(mexGetGlobal("DT"));
/*  olddpl=*mxGetPr(mexGetGlobal("olddp1"));*/
A=*mxGetPr(mexGetGlobal("A"));
=*mxGetPr(mexGetGlobal("B"));

cgx=uf0];
cgy=u(l];
exitpos=u(2];
psi=u[3];

x=cgx+(A+B)*cos(psi/57.3);
y=cgy+(A+B)*sin(psi/57.3);

/* AIRCRAFT DISPLACEMENT PERPENDICULAR TO PATH, CLOSEST POINT ON PATH */
fpathx= funcintrpynav(x,exitpos);
dlat=fabs(y-fpathx),
if(dlat < 1.0)

dlat=1.0;
35
far=(x+dlat);
near=(x-dlat);
mid=x;
fardst=funcperpdistnav(x,y,far,exitpos);
fardst=fabs(fardst);
neardst=funcperpdistnav(x,y,near,exitpos);
neardst=fabs(neardst);
middst=funcperpdistnav(x,y,mid,exitpos);
dperp=10000;
lastmiddst=0.0;
while (((fabs(fabs(middst)-fabs(dperp))) > 0.0000005) && (middst != lastmiddst))
{

dperp=middst;
if (fardst-neardst < 0)
{
near=mid;
neardst=fabs(middst);
3
else
{
far=mid;
fardst=fabs(middst);
}s
mid=(far+near)/2.0;
lastmiddst=middst;
middst = funcperpdistnav(x,y,mid,exitpos);
) /*% end of while loop*/
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dperp=middst;
xclose=mid;
yclose=funcintrpynav(xclose,exitpos);

/*% AIRCRAFT VELOCITY PERPENDICULAR TO PATH
DT would be COMPUP if it were running at 20 hz
cannot create derivatives in mex files because it is called more than once per iteration
vperp=(dperp-olddp1)/DT;
oiddp1=dperp;
mxSetPr(mexGetGlobal("olddp1"),&olddp1);*/
/*% AIRCRAFT YAW ANGLE WITH RESPECT TO PATH*/
dxp=.001;
xplus=xclose+dxp;
yplus=funcintrpynav(xplus,exitpos);
dyp=yplus-yclose;
psip=psi-57.3*atan(dyp/dxp);

yout[0]=dperp;
/*  yout[1}=vperp;*/
yout[1]=xclose;

}

void mexFunction(
int nlhs,
Matrix *plhs[],
int nrhs,

Matrix *prhs{]
)

double *yp;
double *u;
unsigned int m,n;

/* Check for proper number of arguments */

if (nrhs !=1) {
mexErrMsgTxt("Funcinputnav routine requires one vector input argument.");
} else if (nths > 1) {
mexEmrMsgTxt("Funcinputnav routine produces one vector output argument.”);

}

/* Check the dimensions of u. */

m = mxGetM(UP_IN);
n = mxGetN(UP_IN);

if (!mxIsNumeric(UP_IN) || mxIisComplex(UP_IN) ||
ImxIsFull(UP_IN) || tmxIsDouble(UP_IN) ||
(!(m == inputvec && n == 1) &&!(m == 1 && n == inputvec)) )

mexErrMsg Txt("Funcinputnav routine requires 4 input vector.");

}

/* Create a Matrix for the return argument */
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YP_OUT = mxCreateFuli(1,2, REAL);
/* Assign pointers to the various parameters */

yp = mxGetPr(YP_OUT);
u = mxGetPr(UP_IN);

/* Do the actual computations in a subroutine */
funcinputnav(yp,u);

return;
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FUNCINTERPR.C is C function file which is converted to a CMEX file and called by
ROTO SIMULINK picture CTRLLAWS20HZ in file MODELROTOBIG.M. It returns
the centerline radius and uses CENTERLINE22.M. (~100 feet apart)

#include <math.h>

#include <stdio.h>

#include "mex.h"

/* Input Arguments */

#define UP_IN prhs[0]

/* Output Arguments */

#define YP_OUT plhs[0]

#define inputvec 3

double interpr(double x,double xarray[],double yarray[],int npts)

{
double y;
int i;
y=-1.0;
if (xarray[0] > xarray[npts-1])
{
for (i=1;i<=npts-1;i++)
{
if (xarray([i] < x)|i(i==npts-1))
{
/* This logrithmic interpolation technique tried to represent the spiral nature of the exit radius.
Without it, the interpolated radius would provide more lead.*/
y = -(pow(10,1-((x-xarray[i-1])/(xarray[i]-xarray[i-1])))-1.0)/9.0*(yarray[i}-yarray[i-1]) + yarray[i);
return y;
|5
¥
i
else
for (i=npts-2;i>=0;i--)
{
i:((xan‘ay{i] <x) [[(i==0))
y=-(pow(10, 1-((x-xarray[i+1])/(xarray[i}-xarray[i+1])))-1.0)/9.0*(yarray[i]-yarray[i+1])+yarray[il;

retumn y;

}:
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void funcinterpr(double yout[], double u[})
{

double xclose, exitpos;

double y;
double newx:
double x;

double* spiralexitx22,*spiralexitr22;
int lenspiralexit22;

spiralexitx22=1'nxGetPr(mexGetGlobal("spiralexinc22"));
spiralexitr22=mxGetPr(mexGetGlobal("spiralexitr22"));
1enspiralexitZ2meetM(mexGetGlobal("spiralexiDcZZ"));

xclose=u[0];
exitpos=u[1];
x=u[2];

newx=x-exitpos;
if (newx<0)

y=1.0E+10;
}

else

{
y=interpr(xclose-exitpos,spiralexitx22,spiralexitr22,Ienspiralexit22);
if ((y>32766)&&(y<32768))
{

y=1.0E+10;

|5
5

yout[0]=y;

}

void mexFunction(
int nlhs,
Matrix *pths[],
int nrhs,
Matrix *prhsf]
)

double *yp;
double *u;
unsigned int m,n;

/* Check for proper number of arguments */
if (nrhs !=1) {

mexErrMsg Txt("Funcinterpr routine requires one vector input argument.");
3 else if (nths > 1) {

mexErrMsgTxt("Funcinterpr routine produces one vector output argument.");
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/* Check the dimensions of u. */

m = mxGetM(UP_IN);
n =mxGetN(UP_IN);

if (mxIsNumeric(UP_IN) || mxIsComplex(UP_IN) ||
'mxisFull(UP_IN) || tmxIsDouble(UP_IN) ||
(!(m == inputvec && n == 1) &&!(m == 1 && n == inputvec)) )

mexErrMsgTxt("Funcinterpr routine requires 2 input vector.");

}

/* Create a Matrix for the return argument */
YP_OUT = mxCreateFull(1,1, REAL);
/* Assign pointers to the various parameters */

yp = mxGetPr(YP_OUT);
u = mxGetPr(UP_IN);

/* Do the actual computations in a subroutine */

funcinterpr(yp,u);

retum;
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FUNCNOSETIREFORCES.C is C function file which is converted to a CMEX file and
called by ROTO SIMULINK picture FUNCNOSETIREFORCES in file
MODELROTOBIG.M. It returns ground moment GM and nose gear forces FNOSE and

MUNOSE.

/*  function [fnose,gm,MUNOSE] = funcnosetireforces(u)*/
/*  function yout3 = funcnosetireforces(u)*/

#include <stdio.h>
#include <math.h>
#include "mex.h"

/* Input Arguments */

#define UP_IN prhs[0]
/* Output Arguments */
#define YP_OUT plhs[0]

#define inputvec 13

double funcinterp(double x,double xarray[],double yarray[],int npts)

{
double y;

int i;

y=-1.0;
if (xarray[0] < xarray[npts-1])
for (i=1;i<=npts-1;i++)
if ((xarray([i] > x) [|(i==npts-1))

{
y = (x-xarray[i-1])/(xarray[i]-xarray[i-1])*(varray[i}-yarray[i- 1]) ~ yarray[i-1];
return y;
b
|5
}

else

{

for (i=npts-2;i>=0;i--)
i{((xarray[i] > x)||(i==0))

y=(x-xarray[i+1])/(xarray[i]-xarray[i+1])*(varray[i]-yarray[i+1])+yarray[i+1];

return y;

¥
I

}

return y;

}

void funcnosetireforces(double yout[], double uf])

{
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int lenmuskidt;

double U,sig,psin,pn,deldef,mumax,tvert,term?2;

double dell,delh,rl,rh,r1 11,r222.dell11,del222,h111,h222,term1,n111,n222;
double phil 11,phi222,q111,q222,fnose, MUNOSE,deldel,stcs,tyaw.troll tilt,gm;

double DT, SST ,K2 .RB, OD ,SP ,HS, DELS, RP ,WS, S, MUROLL .,FLATMU ,DI. K1.
DELB; i

double tmpfy111, mpfy222, mulim1lst, mulim2ist, fyl111, fy222;

double psisk2, vskid2 ,murat2 ,mulim2;

double psiskl, vskidl, murat] ,muliml;

double* MUSKIDT,*MUSKID;

DT=*mxGetPr(mexGetGlobal("DT"));
SST=*mxGetPr(mexGetGlobal("SST"));
K2=*mxGetPr(mexGetGlobal("K2"));
RB=*mxGetPr(mexGetGlobal("RB"));
OD=*mxGetPr(mexGetGlobal("OD"));
SP=*mxGetPr(mexGetGlobal("SP"));
HS=*mxGetPr(mexGetGlobal("HS"));
DELS=*mxGetPr(mexGetGlobal("DELS"));
RP=*mxGetPr(mexGetGlobal("RP"));
WS=*mxGetPr(mexGetGlobal("WS"));
S=*mxGetPr(mexGetGlobal("S"));
MUROLL=*mxGetPr(mexGetGiobal("MUROLL"));
FLATMU=*mxGetPr(mexGetGlobal("FLATMU"));
D1=*mxGetPr(mexGetGlobal("D1"));
K1=*mxGetPr(mexGetGlobal("K1"));
DELB=*mxGetPr(mexGetGlobal("DELB"));
MUSKIDT=mxGetPr(mexGetGlobal("MUSKIDT"));
MUSKID=mxGetPr(mexGetGlobal("MUSKID"));
lenmuskid=mxGetM(mexGetGlobal{("MUSKIDT"));
/*not working, causes a memory problem
tmpfy 11 1=*mxGetPr(mexGetGlobal("tmpfy111"));
tmpfy222=*mxGetPr(mexGetGlobal("tmpfy222"));
mulim lIst=*mxGetPr(mexGetGlobal("mulim 11st™));
mulim2lst=*mxGetPr(mexGetGlobal("mulim2Ist"));
fy111=*mxGetPr(mexGetGlobal("fy111"));
fy222=*mxGetPr(mexGetGlobal("fy222"));
mulim2=*mxGetPr(mexGetGlobai("mulim2"));
mulim I=*mxGetPr(mexGetGlobal("mulim1"}));*/

U=ul[0];
sig=uf1];
mumax=u[2];
pn=u[3];
psin=u[4];

tmpfy111=uf5];
tmpfy222=u[6];
mulim 1 Ist=u(7];
mulim2lst=u{8];
fyl11=u[9];
fy222=u[10];
mulim2=u[11];
mulim [ =u[12];

deldef = fabs(SST*sin(sig/57.3));
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/*% initially set loads and deflections equal to zero */
/*% ('h' stands for high, 'I' stands for low.)*/
dell = 0.0;
delh = 0.0;
rl = 0.0;
rh = 0.0;
/*% check whether or not the nose is off the ground. */
if(pn > 0.0)

/*% assume all load is on one tire */
th = pn;
delh = rh/K2;
if(rh >= RB)

{
delh = rh/K1+D1;
if(delh > deldef)

/*% assume both tires on high curve */
dell = D1-0.5%(deldef-pn/K1);
rl = K1*(dell-D1);
rh = pn-rl;
delh = dell+deldef;
if(dell < DELB)

{
if(th < RB)
{

/*% both tires on low curve*/
dell = 0.5*(pn/K2-deldef);
rl = K2*dell;
delh = dell+deldef;
th = pn-rl;
!

else

/*% one tire on low and one on high */
dell = (D1-deldef+pn/K1)/(1+K2/K1);
rl = dell*K2;
delh = dell+deldef;
th = pn-rl;
}
}
}
b
/*% assign r and del according to steering direction*/
rill =rl;
1222 =rh;
delll] = dell;
del222 = delh;
if(sig < 0.0)
{

rl1l =rh;
1222 =rl;
dellll = delh;
del222 = dell;

b
h111 = 0.85*OD*sqrt(del111/0D - (del111/0D)*(del111/OD));
termi = SP+1.4/HS/OD*(dell11*del111-DELS*DELS)*(SP+15.) + 0.44*RP:
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if(dell 11/HS <= 0.338)

{
n111 =term1*(WS*WS/3.32*(del111/HS-1.84*(del111/HS)*(del111/HS)));
}

else
nlll = term 1 *(WS*WS/15.77%(1.-1.163*(del 1 1 I/HS)));

3
h222 = 0.85*OD*sqrt(del222/0D - (del222/0D)*(del222/0D));
term2 = SP+1.4/HS/OD*(del222*del222-DELS*DELS)*(SP+15.) + 0.44*RP;

if (del222/HS <= 0.338)

{
n222 =term2*(WS*W$S/3.32*(del222/HS-1.84*(del222/HS)*(del222/HS)));
}

else

{
n222 = term2*(WS*WS/15.77%(1.-1.163*(del222/HS)));

}!
if(n111 > 0.0)

psisk]l = psin - fy111/n111;
vskid]l = fabs(U/1.689*(sin(psisk1/57.3)));
murat! = funcinterp(vskid1,MUSKIDT,MUSKID,lenmuskidt);

if FLATMU == 1)
murat] = 1.0;

3

mulim] = mumax*muratl;
}
if(n222 > 0.0)
{

psisk2 = psin - fy222/n222;

vskid2 = fabs(U/1.689*(sin(psisk2/57.3)));
murat2 = funcinterp(vskid2, MUSKIDT,MUSKID,lenmuskidt);

if (FLATMU == 1)
murat2 = 1.0;

b

mulim2 = mumax*murat2;
|
if r111 > 0.0)

{
philll = nl111*fabs(psin)mulim1/rii1l;
if(philll <= 0.1)
{

ql11 =0.8*h111/(1.0-.1482*phil11*philll);
i
else
{
if (philll <= 0.55)
{
qlll =hl11*(phil11-phil11*phit11-0.01)/(phi111-0.1482*phil11*phil11*philll);
else
{
if (philll <= 1.5)

{
ql11 = h111#(0.2925-0.1*phi111)/(phi111-0.1482*phi111*phil 11*phil11);
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}

else

{
qlll =h111*(0.2925-0.1*phil11);

¥

}
}
}
else
{
philll =0.0;
qlll =0.0;
3

fy111 =mulim1*r111*(phil11-0.1482*phil 11*phil 1 1*phi1 11);
if(phil 11 > 1.5)

{
fyl1l = mulimi*rill;

}7
if(psin < 0.0)

{

fylll =-fyll1;
1N
if(r222 > 0.0)

{

phi222 = n222*fabs(psin)/mulim2/r222;
if(phi222 <= 0.1)
{

q222 = 0.8*h222/(1.0-.1482*phi222*phi222);
}

else
{
if (phi222 <= 0.55)
{
q222 = h222*(phi222-phi222*phi222-0.01 Y(phi222-0.1482*phi222*phi222*phi222);
else

{
if(phi222 <= 1.5)
{
4222 = h222*%(0.2925-0.1*phi222)/(phi222-0.1482*phi222*phi222*phi222);

else

{
q222 = h222*(0.2925-0.1 *phi222);
I8
}
}

}
else
{
phi222 = 0.0;
q222 =0.0;
b

fy222 =mulim2*r222* (phi222-0.1482*phi222*phi222*phi222);
if (phi222 > 1.5)

fy222 =mulim2*r222;
3
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if(psin < 0.0)

{

fy222 = -fy222;
¥
if(U > 0)

/*% relaxation lengtHS if mumax increasing*/
if(mulim1*1.05>=mulim1lst)

{

tmpfy111=fy111+(tmpfy111-fy111)*exp(-DT/(3/U));
fy111=tmpfyl11;

3

else
{
tmpfyll1=fyl1l;

rr,mliml Ist=mulimli;
if(mulim2*1.05>=mulim2ist)

{

tmpfy222=fy222+(tmpfy222-fy222)*exp(-DT/(3/U));
fy222=tmpfy222;

}

else
{
tmpfy222=fy222;

mulim2lst=mulim2;

|
fnose=fy111+fy222;

MUNOSE=fnose/pn;

/%% GROUND MOMENT ON NOSEWHEEL STRUT */

deldel = SST*sin(sig/57.3);

stcs = SST/S*cos(sig/57.3);

tyaw = fy111*((OD/2.-del1 11)*stcs + ql111) + fy222*((OD/2.-del222)*stcs + q222);
troll = MUROLL*(r111-r222)*S;

tilt = asin(deldel/S);

tvert = 1222*stcs*(0.5*S-(0.5*OD-del222)*tan(tilt))-r111*stcs*(0.5*S+(0.5*OD-del1 11 )*tan(tilt));
gm = tyaw + troll + tvert,

/*for some reason this is not working, causing memory problems

mxSetPr(mexGetGlobal("tmpfy111"),&tmpfyl11);
mxSetPr(mexGetGlobal("tmpfy222™),&tmpfy222);
mxSetPr(mexGetGlobal("mulim11st”),&mulim 11st);
mxSetPr(mexGetGlobal("mulim2Ist”),&mulim2ist);
mxSetPr(mexGetGlobal("fy111"),&fy111);
mxSetPr(mexGetGlobal("fy222"),&fy222);
mxSetPr(mexGetGlobal("mulim2"),&mulim2);
mxSetPr(mexGetGlobal("mulim1"),&mulim1);*/

yout[0]=fnose;
yout[1]=gm;
yout[2]=MUNOSE;
yout[3]=tmpfyl11;
yout[4]=tmpfy222;
yout{S}=mulim1lst;
yout[6]=mulim2Ist;
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yout[7]=fy111;
yout{8}=fy222;
yout[9]=mulim2;
yout[10]=mulim1;

}
void mexFunction(
int nlhs,
Matrix *plhs[],
int nrhs,

Matrix *prhs[]
)

double *yp;
double *u;
unsigned int m,n;
/* Check for proper number of arguments */
if (nrhs !=1) {
mexErrMsgTxt("Funcnosetireforces routine requires one vector input argument.");
} else if (nlhs > 1) {
mexErrMsgTxt("Funcnosetireforces routine produces one vector output argument.");
/* Check the dimensions of u. */

m = mxGetM(UP_IN);
n = mxGetN(UP_IN);

if (!mxIsNumeric(UP_IN) || mxIsComplex(UP_IN) ||
!mxIsFull(UP_IN) || !mxIsDouble(UP_IN) ||
(!(m = inputvec && n == 1) &&!(m = 1 && n == inputvec)))

mexErrMsgTxt("Funcnosetireforces routine requires a 13 input vector.");

}

/* Create a Matrix for the return argument */
YP_OUT = mxCreateFull(1,11, REAL);
/* Assign pointers to the various parameters */

yp = mxGetPr(YP_OUT);
u = mxGetPr(UP_IN);

/* Do the actual computations in a subroutine */
funcnosetireforces(yp,u);

retumn;
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cos(1))*(A+B)

PSIP
angle of path

Fen

—{2]

mumax

friction at nosegear
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CTRLLAWS see RUNROTO for inputs to predict exit selection logic

[4] >
lateral displacement, yioc E‘L >
at. disp. rate, vinc rate »
yaw rate l 6 ! —»
centerline radi >
RUDDEF — > delrc
Constant, rudder at touch down > *’E‘ g
O—ro—3> ———{5]
C 0] autoroto
onstant] WOW dat [_. sensed anti-hysteresis anti-hysteresis
”%Pg;o& 3, rudder  software tiller command
ydropou, rLdEer/nose\,vhN'Edal
udropout steering ctri |

\ _,on exit
— |
1z
E —> alPebraic
navigational X pos., xnav / oop1
8 —>
o /2
navigational Y pos., ynav / alaic demr,
] —> oop2 (| decelcom,
longitudinal grnd speed, UNAV decelcoml
10 —» -
cg distance required to clear runway, cirdist al o%tgg'c |
ASYMBRAKE —p mux
Constant
IH 'L —>
elapsed runway occupancy time, runtime
' exitpos
| autobrake
L ctrl law
1
autoreverse
main gear brake press., thrust command
PER, PEC, PBL roreverse multiplier
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HOLD SPEED PROFILE

init U
1 —|y— 1/2 + ]
out 1 init brkdist in 1
- ‘. 1/z B
M2 init XNAY Demusx]
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A-101



4dos 0y awyp

nodolpn

Bujseanap (s awy ‘
_ uopednaoo Aemun. umwmm_ ca:ocwlwwz 1as .ﬁmm%mﬂ
b0 ‘@)RpARUMAU
m_ > ﬁw_r_.ﬁ
£no  awp coww ._.m_uo Remdns  GluUeISU0D ‘naun
[Ele——007]> INLQ xan
b — E
_ pasnbai aup awjun
2o => papaau awp
dois 0) papaau awp \ | 2]
1o JLvHQg < ueIsuod uojRJa|a0ap

D07 ONIMVHE NID3g

pappa.d
J_ L _

A-102



2203wy} pabbe)
Bejonoawy

22030}

[c]e

. ¢ awn pajdnaoo
€] .m ‘ _ ~anJy dn Aemuni papipaid

nodoipn

ayeuq 0}

N0doIpA
nodoup .ﬁa%_mx

Smm,”fwn%camc
paJinbal awp avye.q 0} panhal awp=dway €]

[ le— [ph+[einAish-dnaxdg-len)+thanaxys

sipdway

§'2/2A(2Tzln)mod-(2Ti n)mod)- |e

Ve———— S2AlLh-[20) |«

TOwWST

NN

awpun.

o

¢d01S O1 INIL HONON3 INILA SI

KA

A-103



UNY oy o

e

L e ]

N og— FDZJ

mAl

-

°d  nodospn

nodoupA
nodoupx
‘BlepARUMaU

-

-—

|

1NOdOYAd V.LYA AYN

Ll

i
I

A-104



J203NIL 439DV
Wi

dooj o[eiqabje
= v_ Z/| _F

(9'0/La-)dxa,[1]n

2503w
pabbe)

[wng
hd

2309wpa.ld

A-105



T T T T T e T T ——
— - - - . - - -~

A

GaoRASHIOAN O
HLOH13a
MV1T0d1NOD DNIHIILS TIFHMISON / H3Aany
QD SH8 AASY
Lorionon uigd atey meA
Buiosie orons | MWl 3t e ¥Xa uo R meh
ujiaays Jappnu . wng b -
= - 37e) meA yied
& _
1 payuy €282 i
HMSh anpayos ueb sy _ RISV fo N e
0
[ZnAlLn.azy) fean any dn dp Weisuo)
ung > il s XYQUIIBIUA
— aje 2
Hawwao O
- PANRARS  odoipn “anpayds upeb [
o 52« 81 LA1IN.994 L [2In/Qvia
aNPaYDs |GAY 10M
«——8]
| nojiol d
Aejaudoly aJ 204
2] ook
i (Bapliappni | eq{¥ ™ (1]
| | umopyonoy —
4o paag
— o (Bap) Jappn.
nm J_M_ umopyaNo)
/ Ml g

A-106




LON st sod Jappru

14

yaj anafl L
cS_Bm ¥

doo
o_abow_m 4

—

Jappns umopyanoy
o pas|q

no

[1]e—

(930) H3aaNY NMOQHONOL 440 3318

A-107



“ajed snipe.
aujauag

panpayos

(dNAYN/ININO D). dNdWODAZN-T1I)

.R.VZ

31¥d SNIAvY 3NITY3LNID I3 INAIHDS

I Xiikejaq Wmag yun  sniped
ZJ| Z anpayos
2

“NodoipA
pxnwagpodoipx
q] ‘BiBpARUMBU

A-108



F1NAIHIS 1TAA

anJ} dn

Mg Em.«mcom

A-109

AdSAMOT

_._JEEmcou
| AN




Bop |4+

$I6949)8A4 POOPOW S.10m

290 asou o}
sepad Joppni

}jos ﬁ

ung

A
$0{

+

Bap g -+
sod

__ﬁ .
Robscou  J9IS ‘”W33LS Bunsajs

pwd buieays
|

(ST

JHVMLI0S SISTHILSAH-ILNY

ZIJ ojoi0)wR

A-110



NO a9

0/J3S 0N WBJ) O NV

NoYs H3dAVJ MVA

S[epad Jappnt WOl VANV anj dn

puURLLIWIOD J3ppN.

[epad Jappni pasuas

j ajgeo oj0JoNe
puewwos seab asod " —¢ _N_

[c]e

puewwWoD J3||R
S|SaIasAY s|saiaisAy-pue

(]

SISFHILSAH

A-111



A i k. i S o S

3B 350U 0} sjacged
repad Jeppns

dn any3
YUmg

R L L BT D T P

0Ip |-+

SRSy RNjR  |Bep g -7+

e P T

pws
236 as0u 0} sod 139i18 Bupiea)s
smpod y z_ﬁu 1 ‘H3318 J_M_Wm_.
A 2
10N plod o.»omooﬂ ..ﬂsﬁ bap g -4 o_»omwwom.ﬂ ﬁaqo
-1+ wo
NNV mebosouo)  jumsod DS - seped RPN oy soseuey ahsso
ng smpad Jeppnd  epad Joppns  HIZIS 0] OAJes ojoio)ne
: R Ao =0 o]
+ =] |
Bap | -4+
Sis94015AY fenje Rpad Jppni
1eab asoy 0} pasues
e ) PWO Jaliy
$18049)8 Ay~ |jue
0jo40}ire
€

$1S3HILSAH 319vD

A-112



£URISUOD

g<auy 9 |
e IANY M. nul_ V%

}5¢e|
<Bejao0awy Aejaq Hun

frejaaoawi
) “ &l Al_ _

INISYIHIIA TTILS SI FWIL ADNYANII0 A¥MNNY d309%]

A-113






ajbue
iappni
13M0|

Jojeibajuy

[Lle-

aoedsyiop 0]
HLTHGe-

A

payw  PUBD Syopeinesauoz peaq
/

<

d30dNd 43Mm01

/

UAUNS 5109
IVONVIN

guen
£81°0

LuED
€810

| uopRIMERS

uopeinles

cuey

g'ap’

ueH
ekid

wng

sjepad
Jappny

A-115



albue

Jappni
Jaddn

JojesBayy

YW

A

PURD __ uopesmesgauoz peag

H1av3Iany

d30any d3ddn

Yoyms

Hv

£3%edsyiop 0|
HLNNdWAQ

A-116



pabebua quueIsuag

aw sy mﬁio_o anpayos paadsie YSH

1 | je—0
| 3jge1eA [eqoyf / X sdojs
,>m_mO.rD<_ 1S4 3jeos Av.lje awy

- ] 3 d uaym sw
dn any 3|p| A3l uRyYy ddn anp _._QmmItE: _L%%ﬁom Udisu0s)

annebau aiow = ‘
N g N ] N (1LLSHL
. N sdajs juawabebua sapnjpu)
8jnpayas awn |1 SH
sojweuAp aujbus
Be| Japio s | 5 dn ann 01D
. aupno. Buyea wol et < !
1+S50 Jajdpinw ucwESS_ H < @
| * R —
1SNUY) 381331 3IP| \ g 00e13d0) TSNIUY Ul
NYSHL uope|ay
\ >
< < {
1sny) punoB NSHL
doo
sy 2 w.ﬁm_m g dnany /
L Z/| H |
™ Lioje.a mmmco 1snuy; punoJb jo awp
| 32eds)IOM O Ldn any [RUOR|Y] Ewm.m_oo
HLLSHL H _M._t\\\t.-
1ON  aqeuen pgoB | N S—, " w%ﬁ o
fle—{ s3] I 1SHL I
gioyesadgy Paads pamors sty
[euohiejay esuo) paads pub
N | 689'L.0/ | AYNN
-+ SOdliX3
piorelssdo 4 \@
euonela uRISuod
[BUOHRISY | Hyyn
cas [052] AVNX

1SNy} asianal Buimoys 10)id ayy syuasaidal mej j0ju09 ayy uj 9)Boj Jaddn ay |

‘aibo| uojolpa.d Yxa Ag pasn 1SnILIBUN 0] Jejiwis 1SNYHL

A-117






oV
Joia ¥l
HOVHAE

nd

D4 /doo| opeigabe

ol
JNOD1303a
WOS13330
“YNODTIDIA
a%Jojea : ad
“ 994 194 ‘Y4
—{§]
MaQ
—]
] 2Sd
* Tsa L]
il {9] ymisa
N ISad S
¢ 8] o
< ] Aq
i Encami
il e
¢ |
Z/l dVIONIVIN

Iy

A-119



A $32.0 394
[e]e , —tl 104
TN .- otsd £
[Ele— 8] 404
HAY - TS — {21
[ e ——ansa 4]
24 «—9]
2 H d9J10 *
]
H jedpiaA aip 1Sdq
Nd (5] N
= - e
HAd
[« M {e] dovHag
-~ - 1DvHag 1]
L
[Z]e ‘- —1 Obvdag
|
A M v ol

32HO44vID

A-120



Nd | uRISU0D
“Nd
| XNIN
1Sdd
+—{8]
N
/]
1N
4 AQ
292eds)yI0M O
A HLHA
[E]e T
- | HIAJ
TAd A
7] = (e'25/b.leln+[2IN) . avad Lz zemoH.m-2LI
£30edSNI0AM 01
HOVHAg
NN ¢ Lung WEISUOD
—
S 1] AVD)
/ Nd
/ - (@+V)(OIH.e-(0-V.[eh-[IIn+v. M)l
JWd
¢
* g

S$30H04 TvdI1ld3A JdiL

e 7

A-121



e
S

o4

[«

2aoedsyiop 0

[(HIS Je—

£a0edsyIop 0]

[Xnwag

]

aoudsyiopn 0
IALHEE

WS g—— |

NN

.

XA
doo o
o.aﬁow_w 41
JuRISUOD
SLWT 24 T ‘Ui dn ani ¢ Bupows n
- 503 a = —{1]
/] 194 2be) ajgejen
Yiim Dey
A.’ll_muu_ H _ Zues
—{v] o 2ISd
o4 — INLDTOMN
TNd
diAH
ﬁ | be; akqeen
um Be
: ! Lureb
l:fl TANISd
- ANLOTMMN (4 €]
|
®| ajqeLeA
Yy Bey
¢ upes

2

E HNISd
N

S30404 3AIS 341 NIV

A-122



FMR, FML, FC LMITS

3 MUt NWWLG*U[2]*abs(u[1]¥u[1]
1 / FCR\ Mua VR
Muxte!  abs(UZYNWWLG)>U[1]
rMux2 if —r
’b—.
true up1
—» NWWLG*U[2]*abs(u[1])/[1]
[a}—»n FCL Muxﬁ ML
MR,
ML, Mux abs(UZYNWWLG-UT]
FC 3 —>
Mux4 N M
tm_é up5 MUXB_L
INWWLG~-IJ|L &
Constant] @ [ | e VR,
Constant? MuX| true upd FML
0 Mux9
U NWCLG*U[2]*abs(u[1])/u1] Constant3
FCC\ Mux7 FC__
Demux
Mt abs(U2YNWCLG)>U1] —l
rMuxs if2 41\
upSi
[WWCLG=0 | >
Constantd @J true U6 FC
up
Constants
L Ay

A-123







| LuBISUOD

I 19vda’g TAd B
Joﬁom AuLu.u‘l.m- €] 2801 dn ol oS £1onpold
;ﬁlllll AIIL-_ R
ga0edSYIOM 01 Aﬁ 18d  dnann INOD13DI]
HL18d JPING .__mrmmw||l@
_Wmﬂl 3SYHJE
1 05vHaa D4 LUEISUDY /aoedsyiop ol| \
meu*om TH Rk ana) dn L1npold H1gV L
Hy 1_ (6] a Lwng
paoedsyioM 0] mom@l =Nnd [ueIsuoD
H18d 8v3 llwodizoda || | - dont
. R |
[S]e— gaoedsyiop 01 ¥0[D
0
“dovyag dAd
dovuag | _J¢+—{2] 4o
EAIJMAIIH lany dn Zrnpoid
4 H 3SVHdYY
GaoedSHIOM O s
48V | 9013531
>
puo4 LN
(lzh)sqedzin.iLin lenpg

IAVHEOLNV

A-125



T T T T T e e R R SO T,

R — I~
RORASIIOM 0
W Zanjydn [ans dn [uRISUOD
2 RS 0 ugy
ﬂ./ ol pay Al_ & (COmmnAzN) mod<CTI I modlw2(0-19 TAWAN)) HAH
. £
/!.. [Zln=>[11n [e—
e HXYAOVHA XA
HOVHAd 335V, TOIMMNAZN ) mod=(Z T )mod)iubs le— g €24
- oH
Zagedsyiom o
H1dXvVIANDYHQ JueISuo)
ani dn 0
e noyean
NI
| 30BdSHIOM O] \
HLHWO2DVYHA HOVHAE

A-126




aoedsy4op 0
HL19vHAg

Lty
T

19vdag

zang dn
yaumg

LanJ} dn LIUEISUOD
yaum

Q ‘ ﬂJ% Belp
01 ywj|
/TH/ (2h=>[1]n

NG (((o1mMmN/AZIN) )mod<(27) n)mod) e 2(0 =i D TAMANY))

IXVINOVHQ

4435V, (2 (©1MMNAZIN))mod - (2T n)mod)ubs

n

noyealq
dag<[in

280edS3I0M 01
HLIXVANOVHA
ann dn
Yyoums
NS
| 90RUSHI0A O
HLINO2DVYHA

ale L
dn-3907

19vda8g

18d

A-127



1M, 0

0} Yy

PXIN

=[]

XA

b

[URISUDY)

ug)

H (2" (=10MNAZIM)Mod<(2T) IN)mod) 2 3(0 =1 5T OMN))

IXVNOVHQJ

4438v.((2'(O710MN/AZIN))IMmod—(2 71 In)mod)ubs

| adedsyiop 0

HLOWODHVYHA

wesuo)
ann dn
y Ll noxeslq 9]
H {daa<[in
age |
dn-300

LAl

JDvHag

A-128



zdoo| areiqabe

S

I8

rebasou

2]«

o

2918

Nisd

e

|
gdooy %gnﬂz:z

o oo

n

$9240}3.41}880UUN}
aedeyI0p Of ¢
HIISONNW
."
o
3SON4 gdooj apRigebe <+
B —M_ ¢

|aedsyiom 0L

[ HL3SONd |

{c]

Hv393SON

A-129



Pemuxb

S
17z
lgebraic loop
1z
gebraic loopt
1/2
igebraic loop}
1/2
Igebraic loop
1z
Igebraic loop
1z
Igebraic loop
1/z
gebraic loop
12
gebraic loop{|0

5

MATLAB

Function

MuxS

funcnosetirefortes

'y

T T 111

Dem

A-130

ou_3




anjen o}
puegpeap
siqeluea
0)S ‘ajbue DISa , py —ANMA solean
|3aymasou ‘_Oum._awac_ V) NN uopenieqg ujes) wng
NONVE 254 (ESH[LIN-13td-dnSd)saejubs, (zh [ &~ T&MAIA?!H
o a2edSHIOAM 0|
] HLODIS

abis[ 1]

dv3IO3SON

131

A—-



puegpeap 1=

zuoneines | U2

a[celen

TAY an.] dn

| Tn/”*

! [lIn+100-av3aasn

loyesadp JURISUOA
leuone|ay ;

© e

LHoneInes Vo

[1In+10'0+av3asn-

AATVA d04 UNVEAv3d

A-132



'02202-LSVYN "ON LOVYUINOD INIWNYIAOO HIANN S1HOIY 3AISNIDX3 QILINIT OL 133r8NS YV V1va 3S3HL - IDI1LON SLHOIY JAISN1OX3 Q3 LN

) ) 1IQYIS3IA) HINIO0 014 1N30S30Q S4 .
G 404 133HS sorum - o SSv1 — NoSMONY 34G438 &4 ISINND v4 T e R A A b e M A
u.:ﬂﬁﬂﬁ«m«u o P 1104 ONNOYD O oz.-_oxu mm“ M z).un u«ww M NOILV10M .m»o%aw..u._. e 1SNYM »w:z%..wwﬂu_mmu%_ &
TI0U ONIGNYT 1 HOVOYJdY aWNd 44 10 403NV 11 YH1 3583A3H O1 _xd» 10
W11 AW mm(h“.“ﬂUd—Nd: ONIGNY AHONA-NI 1303I%VL aNnoyo
€ 103} SISVHJ ONILVUIS0 WILSAS
oulJOo3 uow 41 1043000 J0O $SO7
pue Aduepunpad
31840d40oU} | [IM vi4 A1) t)1qedeo puewwod aoueping
24N10931YoJd e WalIsAs ViWd i Q104 30 ssoq (i1v aauep|nb y|e j0 ssoq (v buruosais ooyl
elep
VH4 Al 2v se awses (2g uo|idtJay snoauoday (2g
puejoine g1} j1v9 Y14
S€ sWwes - |e4npasouy VIW4 ] yseds a|qyssod (19 Aemuny uo 328fqo (19
ugylesoado
010Y-uou 03 0104 wouy
U0 |S4aAad punoyb-uo ejep uo119|ay
VHJ Al U} 3insaJd pinog (2v qugi-dn jo ssoj{zv
A3y 11q9edea SUO0) 383 | UNWWOD aousuaea|)
VHi] Al 0108 JO sso (v Olv 40 sso7 (iv] uojijsinbay Aemuny(z
bujuol1uow
pue Aouepunpsd
ales0dioou) 111M vi4
94N3033jyoue waIsAs VIWS 11 1043U00 joO sso (g 818p ABU SNOBUOJJ] (g
Wl |8d)0}4d
18 SUNdJ20 ss0|
41 1043002 joO $S07
po143d 3wyl aunsodxa vli4 A1) ) )qeded (aseq 838p 40duje’SY| "’
12213143 010y 404§ VIW4 11 0104 Jo sso} (y S$d9) Blep Aeu jo sso] (v uciiebiren 0foy (1
SIN3IAI TYNNILXIASASIN (Q
(INVIddiv NO SN 5»3 nuz..m m
HOvodddv  [ssvid|  awvzwu 30 103443) SWALSAS U3aH10 SeonOn3 IV 18 13A31 WaLsas)
SHUvNIY NOLLYDI1LY43D vy 60CH ST YVFRIVA NO QHvZvH 43IAISNOD NOILINNA
. y 9|  Nowianoo unwva 40 193143 NOILINDS3Q QHVZVH \
aiva A8 G3MIAIATY RE "ON ViV WalSAS
aLvag Af A3¥VYd3ld 1UBUUOJ TAUT GITT 1VD U1 0109 INILSAS

HIBNNN 1HOdIY

S13NAaoyd VIOHINWWO0D
SISATVNV GQYVZVH TVNOILONNS

A-133



'0220Z-LSYN "ON LOVHINOD ANIWNYIA0D HIANN S1HOIY 3AISNT0X3 Q3aLwI oL 103rans 3dv viva 3s3

HL1 - 3D1LON SLHOIY JAISNT1DX3 a3siwnin

. HONIW - Al §SV12 381¥2$3Q) W3H10 043 1439830 54 403NV 0310313 - 9
T e e SRAER [ ., toneswee i e ISR
JHMOULSVIVY - | SSv1) u,_a%n %.....ﬁmﬁ a:° o....%%%z«gmw 4 ..38%&.@.% m :c.ﬁm.wu w»ozww..un " 1SNUHL ISHIAIY 01 zo:_m.ﬁu» ]
W11 AZY S ~o..90¢ﬂ _N(i ONIGNYTY INdRFwN 330INVL UNAoYD
T 3364043 G30T TR V14 33Uep1Nb
9403033 1Yydie weisAs \ELE | 1043U00 j0 sso7 (g 6ujaaels snoauouul (19
8A|4pYORq 3|puey
Al SV se swes (9y 421113 Jo ssoq (9v
J9A00% 83
301 1d Aaessaossuun 8A)upHOEqg
VH4| Al asned pInony (gv 1epad uappns jo ssoq (¢v
6uju03juou
pue Aduepunped
83eqo0duoduy )M
84N3233 jyoue walsAg i Lv se awes (gv Jeabasou jo sso) (ev
6uya03uou
pue Aouepunpad
a3eso0dioau) |1ym vid
94N32831)ydue weIsAs v 1 LY se awes (2v Jappns jo sso {zv
BWil #3534
38 SUNOJ0 850
S1NIAT TYNYILXIASOSIN (0
o] SNALSAS 0 12
HOVOUddY SSV10 ozuwuu..u.u.%ou&m. SW3LSAS ¥3H10 TOlShATVN ) (13A37 WaLsAs)
SHUYINIY NOILYOIILNZD | ZwH 60€1°SZ UVPAIV4 o JouzvH ASVH a3cteno T Y NoiLawn4
" » 9 NOILIGNOD I¥NYIvY g ‘» ‘. NOILdINIS3A QUYZYH z
iiva A8 QIMIIAIY € " "ON V1V WALSAS
iivaq A Q3dvdIdd IUBWUOITAUT @111 IVD U] 0104 WILSAS

HIGNNN LHOd3Y

S1ONA0¥Ud TVIDUIWWOD
SISATVNY QUVZVH TYNOLLONNA

A-134



'02202-L SYN "'ON LOVYINOD INIWNYIAOD HIANN SLHOIY JAISNTOXI GILIWIT OL 1D3raNns 3YV VA1VQ 3S3HL - ID1LON S1HOIY JAISNIDX3 QILINN

HONIW - Al SSY1D 13818I53Q) ¥IHLO 044 1N33S30 $34 43039V Q312313M €3 OMILVMIA0 WILSAS DILVIS INVIHIV GO
4 i0¢ L313HS OrvW - Il $Sv13 ONIONYT 340434 &4 ISINYD ¥4 NOLVLOY ¥113v 110 108 ¥ MO1S O1 HOILISHY YL »D
snoauvayh I3 |, oubive MO NOL33A0NS 23 &4 il Je12 ¢t wouvioy %00 ¢ : A0t Jsuanas i £2
JIHdOYISYIY) - ) SSYTD T10H ONIGNVT 41 HIVOYddV & WD +4 " ou Siosmet 1t 130UNL 3SUIATY OL HOLL xvi i3
‘WiT AZY ; ‘_OO— ONIGNY] IVEL R 4403%V1 ANNOHD
SSV10 GYVZVH € 03] SiSVHd DNILVEIE0 WILSAS
oUjJ0% |uow J1 1617003 JO 3907
pue Aduepunpad
31e40du00uy || |Mm vid A1}11qeded puewwod
34N3122311yaJe walsAs V3K i 0104 40 sso7 (v uojleJajadep 4o sso (Iy| uUO0I3IBIa|828Q 010Y (h
aAjapYOeq 3)pury
VHil Al 9v se awes (9g 48} 13 snoauodu] (99
aAJ4pYOeq | eped
viif Al Sv se awes (g@ JOppnJd snoauoctdl (Gg
6uisoljuow
pue Aduepunpad
931€40dJ00U) (1A vi4 bujuaals
94N13331Yydae WaisAs VIWS I L9 se awes (€£g J48abasou snoauosul (g9
6uja031ucw
pue Aduepunpad
21840d40Q0U] (] 1M vid
34N312331Yydue WaISAS vIWJ | L9 se awes (29 Jappny snoeuasul {zg
6ujJo03 juow
pue Aouepunpey
SLN3A3 TYN thqu:m_.S (o]
Mgy No SMILSAS HIHIO méwmwwnm”.«m m
HOVOYddY SSV1D GQUVZVH 10 123443) (13A31 W31SAS)
SYVNIY NOLLVOWILNIO | zwH §0E1°SZ VMUV NO auvZvy 3sVHa| o LhoLLoNN (v NOILONNA
8 L 9 NOUIONGD 3umIvd " NOILdINOSIA QUVZVH L
- iiva A Q3IMIAIAIY ht "ON V1V WILSAS
iiva Afl G3HVd3IYd JUSWUCS JAUT 8111 1vD Ui 0108 WILSAS

S12Na0Yd TVIDOHIWWOD

HIANNN L80dIY

SISATVNV Q¥VZVH TVYNOILONNA

A-135



'02202-1SVN 'ON LOVHINOD INIWNYIA0O H3IANN SL1HO JAISNTIX3 QILINIT OL 123rGNS J¥Y V1V@ 3S3HL - 30ILON S1HOIY JAISNIOX3 Q34NN

HONIW - A S5VI {3@1¥2$30) ¥3INL0 044 1833530 &4 440INV1 G3103r3y €L ONILVNIdO WI1SAS-DILVLS INVIdHIV §O
g 40h  133NS HOIrvMW - i1f SSv 15 ONIGNY 340338 &4 ISINND »4 NOMV10H ¥31dv 1N0 104 T MOLS 04 NOILISNYYL PO
SNOQUVZVH - It SSV1d 1104 ANAOLS @1 NN irone ] NMOd BYas & NOILY 0¥ O uoLus 1SNUHL I5u3AIS O zuw.xpu_».u.“.".-_ b
JHGOYLSYLYD - | SSVID
TI0W ONIGNV #7 HOVONJdY &4 ANND 13 110N 4403INVL 41 IXV1 49
W17 ABY 19709) SNIONV T RSN I30INVL aNnous
S$V0 GuvZIVH € 1031 538VHd DNILVN3I40 WILSAS
3A14DYOEq Bjpuey Isnuyl
VH4 Al hv se awes (ng 9S48A34 SNOBUOJL] (hg
vi4 Isnayl
VIW4 1 ig se awss (¢g 9543A84 snoeuosdy (gg
vid
vikd N 19 se awes (29 94eJ4q 03Ine snoeuoudy (2g
poysad swj3 aunsodxa
18213143 0104 IJoyS
6uj403 juow
pue Aouepunpay
33e40duodu| || M v1l4 Spuswwod uojiesa|adap
34Nn32331ysae walsAg YIW4 Hi Ly se awes (g $noauoJd4l (19
| BNUBW 3ALdproeq 8)pusy I1snuy3l
YH4 Al 03 uoj|sJaaay (ny 8S43A34 3O sSO (hy
| enuew isnuyl
VHi At 03 uo)sJaAady (gv asJ49A04 0Ine j0 sSS07 (fV
{enuew
VHif Al 03 UO0|SudAdY (2V MBJIq 0INE 4o sSSO7 (2v
potuad awj3l aunsodxa awil (e9)342
182131142 04104 l40ys 18 S4NJ30 $80|
SAN3IAI TYNYIL SOASIN (Q
nduvNo SW3LSAS ¥IHLO mzzmm,wzu%mwm g ¢ )
HOVOUuddY £ 3 gle] QYVYZVYH JO 103443 nr VIATT NILSAS
SAUVINIY NOLLVOLILNID | zwh 60C1'SZ HVFNIVS MO auvZVH asvH ASateeaLng (v NOILONN
‘9 ‘¢ 9 NOILIGNOD YAV g " NOILJINOSIG QUVZVH 2
iva A8 QIMIAIAIY 7t 'ON ViV WIALSAS
aiva A8 d3dvd3dd IUBMUGHTAUT GT 11 Ivo Ul 0104 WILSAS

YIANNN LHOJIY

$10Naoyd TVIDYIWWOD
SISATVNY QYVYZVH TYNOILLINNS

A-136



'02202-LSYN "ON LOVYINOD INIWNHIAOD HIANN SIHOIY IAISNIIXI GILINIT OL 103rans 34V Y1VQ 3S3HL - 3D1LON S1HOIY JAISNTIOXI QILIWIT

HONIW - Al SSVTID

136143830) YIH10 044

1N3DS3Q ¢4

$403NVL Q315373 €12

ONILYYIHO WILSAS INLVYLS INVIdNIV §9

s waws | O SEVR uous WS AL a3 oGS Y 0 TIOU ¥k AL 2
SNOGHYZUH - 1) SSV1D 110 ANAGHS €1 ’ aNpoNY 09 U NMOQ V39 24 NOILY10Y 01 WOIWd 1SNYML ISHIAIY OL HOILISNYYL 2D
HHIOYISYLIYD - | SSVTD 104 SNIGHVT 11 HOVOUHJdY &4 WD 14 1108 J403INVL 44 XY +9
W11 ATY 9709o] SNIGNYY JICETREET] J3I0INVI GNNOYD
SSVID QUVZVH
bujio031uow
pug Aouepunpau 3ix0
93240dU0DU| | |1M 1091388 031 A3 |)qeded Y6 | am
84N313331ydue WoIsSAS Vi 0104 40 sso{2v 3j8J42u)e jo sso(2v
potuad awil aunsodxa
18213140 010Y I40yg
6urso31uow Wil )OI 4D
pue Aauepunpad 3e |043uU0d JO $30|
83e40du00oUy) | jim viq 81qQissod "A3))jqeded sAgjds|p (@44 40 gnH
84N30331yoJe WaIsAs ViW4 1 0104 40 sso(Lv 1o11d 4o ssol{iv] uo) sA=i1dsiqg 010y (<
A3)11qeded 010y JoO
$S0| 9|Geqodd °|EBnusw
VHi Al 03 uotsJanay (19 piYsS-~13ue 4o ssoy (|19
(ANVIGHIV NO SLNAAI T3 ansnsIn 19
INVIdNIY
HOVOUddY SSV10 QUVZVH 30 103413) SW3LSAS HIH10 NOLLONNS VW 19 (13A31 WaLsAS)
SAUYIIY NOILVOMILNID | 2ZvH 60C1'SZ HVPUVA NO QuvzyH ASVHf rLSrLoNNA (v NOLLONN
i i NOILIGNOD IHNUVS . 5 NOILdINOSIQ QUYZVH .
8 { 9 9 € 14 |
iiva A8 QIMIIAIY Rt "ON Y1V WN3ILSAS
ilva A A3¥vd3lYud JUBWUOS TAUT G111 LvDd ul 0109 W3lsAS

HISNNN LHOd3Y

S12NA0¥d TVIOHINNOD

SISATVNY QYVZVH TVYNOILONNS

A-137






*2)9 ‘)JRIONIR

I3Y)0 ‘SUONIpUOd JBJINS
‘s)IX9 J[qe[ieAe pajedionue
Surpredal uoneutiojur pue
‘dueIedpd O LOY 19dxy,,

sanssi jonuo)) yoeolddy

uoljewojny ‘Jdjoajuo))
DLV

uonewomy OLOY
2 Wy

3jqissod JI ‘aU0Z UMOpYoNno)
pue Aemuni pue ‘JUSWUOIIAUY
yodie sannboe Ajjensia ma1)

uorjeredas
paePIp-DLV jo Suuonuowr dayoeq
ap1ao1d 0} 19pIO Ul JjeIdIIe pedj
Jo yoen daoy pue axnnboe A[fensia
0] JI0ABIPUS [[IM M3ID ‘suorjerado
0.L0OY 10j pannbai jou ySnoyy

("o ‘SINA

3uisn) uoneULIOIUI O [OY UBAS[SI
saipeas ‘yoeoidde ay) 10j pares|o
SI pue Aemunl e pau3isse SI ma1)

suoneredas pannbai
-O.LOY UM 1u9)sisuod st Furoeds
dljjer) eIk [RUIULID) JeY) SUOIIBIIpUI
$aAIasqo ‘uonesado ur st O LOY ey} |03 punoqur “s1y OSZ

-

(SLLV woJj ©°3'3) SouIuIajop mar)

Suikig 10N 0114 ‘Burkig rond
1MaID) Wi

-oseq Sungyud uod()

S 091 -
0ST "1 00ZT - 0059
“0£:96:11 - 00:8%°11 A

S SEl~

- 00T “¥ 0S - 000%
‘00:00:21 - 00:SS:11 Al
T

00-9¢:11

-CIeS I I~Te

3 0062 - 000V pue
"SI 007 e ‘wn) 391

ST 00C

-0ST “Y¥ 000¥-00S9
‘0S: 11~ pue gy 1~
u3IM}3q ‘uany
39[-aseq JO uonenIUl

pUE QNS U2BMIdg

uondasIUl [SAVH
wol JOA OIS

4 000L~

8v:11 Ad !

uonisoq
‘paadg ‘auwr],  judAg

LIXH AVMNNY ANV NOLLVIATIDHAA OLOYA JILVINOLNY / ONIANVT TVANVIA
=~ NOLLVINANWHA'TJINT OLOY JALLVINASHIAdIA V 404 ANITIWLL INAAT 'V XIANAddV

A-139



SaOURIRI[D

(ydooraur

adoyg ap1H

a10J3q A1qeqoid pue)
[01U0D) 19MO, 01 JJO

___Sadpajmouwyjoe 3u1[.1 10N 1011d

-pury Joye awil} Auy

dueIRId

+O.LOY 102dx3 / puey

0} pa1ed|),, sanssi ‘yoeoidde
[euty oyut Anua sjjeIone
sagpajmounor Jomo |,

cmoo_ua_

adojg ap1H

210Jaq A1qeqoid pue)
[0NUOD) JaMO], 0} JjO

“puey Ja)je awi) Auy

Jomo, s19e1u00 SuIA[] 10N 10]id

[jonuo))

S 681~
- 002~ ')} 000V~

X1

BE0CT1 - 8E16C]

ddUeIeS]d pue Jjo-puey
sagpojmouoe SuIA[] 10N 10§14

ST 681~
- 002~ "} 000p~
—EE9C 11 - EEICE']

HHIA

J0UEIe3[D , JOMO [, 1OB)UOD
/ Yaeoidde ayj Joj pareap),
$9Nss1 [onuo)) Yyoroiddy

- 00C~ e 000~

A

0RO  OLOY 103dxH,,

S 091~
W 00ZZ 01 "SI 0T
#0[3Q 10 1 1j (0S9~

1A

sadpajmouore Suik[] JoN 10j1d

V9611 - 08|

uopewoiny ‘I3jo.ayuo))
ILV

LIX4d AVMNNY ANV NOLLVYATADAd OL
((INNLLNOD) NOLLVINAWATIAI OLOY HA

uoprwoIny OLOA 3uiflg 10N ro1id ‘Buihly roqig

NI W3yg :Maa) ydyg

uonsoqd
‘paadg ‘aumg

Od DLLVINO.LNV / ODNIANVT TVANVIN
ILVINISHAdIY V 404 ANITHWLL LNIAH

ILEYNG |

A-140



ajel pue ‘apnmje
‘paads sjonuoo ‘adojg ap1n

pUE 13Z1[e207] SyoeN) wEbw_ 1071d AJjenuuo)) AX

"SI 091~

uorno9[3s 1© 1] 001 01 "SIy

JIX9 pue E_OQ umopyonoj 1oj 0S¢T MOoj3q 10 je °))

JJeUL)SI [eIjUl SIjenjeAd w:_bn— 101 d 1 0049~ A\n_uu_: jou si

Mmc_h_.m 10§14 suiojul ,wwo:_tmo._ nq ** 191e] 3q —v_soov
_ 01O $Y20ud But}f N 1O[Id | '6G:9C:1T - OT:8Y 1|  AIX

o , I 091~

18 ")§ 00CT 01 "SI

0ST Mo[aq o 1e "))

0059~ “(A[a31{ 10U s1

M31d 0) smejs Apeay suodar mnq " 19Me] 2q pInoo)
LT © $AI03%9 OLOY : Vel _1UgpilI] WX

— B (oapasaid ut ,vu%._m ose | — ST 001

JOJJUOD UOTRIS[AI3P puk IduepIng 18 "1} 002T 01 "SIy

‘apows Jnjewojne J10j) I3JJnq | ST MO[aq JO Ik )

1091asa1d ojui papeof aouepingd | 0059~ ‘(A[N1[ 10U SI

paje[nojed ‘suolenofes waAsAs | inq ** 193] 3q P[nood)
010Y sa8eBuo Suikl.d 10N 1011 | ‘Sh96:11 - O IT | uX

uonewo)ny ‘13joajuo) uonewomy OLOA Suif1g 10N rw0p1g ‘Surkyg rond uoyisoq

DLV WA 1Y31ig 1M1 Jy3nd ‘pIadg ‘ownry  yudAy

LIXd AVMNNY ANV NOILVIATIDHAd OLOA JILVINOLNYV / ONIANVT TVANVIN
(AINNLINOD) NOLLVINIWATIII OLOY AALLVINASTYIHY V HOd ANITAWLL INHAA

A-141



JoAnaueul arefy sajeniul "SIV SET~

:9je1 Yjuis pue ‘opnyje ‘poadsiie ‘Y 0S - 007~
‘apminie Jelolie sjonuod Juikfg “91) Aemuni jo
101d ‘(Bumruurad Kiqista) Aemuna | 93ps ~ 0y dn B 014 N
Jo 3urreayd 1oy sayojem tajqissod |  o[ppyy 01 Jond sl

J1 y31s ut yesonre peaf sdaay mar) | pi6ci 1] 0v:6S:11

S35

uMopyono}
Io)je Spu0das (o7
s0ueIed[d ,0LOY | - S1~ 01 UMOpYoNO)

10J 189]7),, SIZPI[MOWNIB M3I)) | D10J0Q SPUOIIS AL

(y oS - 001~
“yelone Juipesy ym
uoneredas puooas
0§ Suraasard
‘umopyono)
2ouonbas | a10jaq spuooas ¢ - g
Ino [jox / Suipue| urinp uoneande | woly ‘fnniqeqoxd e
10J OO suwre 3ulL.f 1071 | ur) pjoysaiy asojog

~Q3 06 - 001~
‘iyesonre Suipeay im
uoneredss puooas

uoneuLojui 0S Suiazasaid

uonoLy Aemuni pue ‘umopyono) aojaq

‘spaads 11xa ‘s1ixa ajqe[reae SPU0d3s G - O]
duipnjour ‘aouerespd 0 LOY woyj ‘Anfiqeqoxd [pe

10J Je3[D), Sanssi om0,

ur) pjoysaiy) alojoqg

IAX

uonewolny ‘Iajjoajuo) uoljewoiny OLOY 3uidlg 0N 001d ‘Buikg ropg uonisoq
DLV D LLI(LEITE | ML) WYY ‘paadg ‘awyy, juaay

LIXH AVMNQY ANV NOLLVIATADAd OLOY JDILVINOLAY / ONIANVT TVIANVIN
{@ANNILINOD) NOLLVINIWATINI OLOY HJALLVINASHIJAT V 404 ANI'TAWLL INFAA

A-142



"SIY (L Se MO[S
se 0) O [~ ‘Buimors

A-143

aunnol O LOY [feIeA0 0} 13SUO JISTIY}
Juawi3ne 0} ejep UOIBIINIIIP / wolj ‘KemiIxa
13519A31 s3zi[in pue Juswkojdap 0} Uo wny Jo
JOSIOAQI 1S} s1o)uow! QLOY _ UoHBIIUI 0} 70:00:Z1 P
SZUIIIS JSILIY) ISIDA J[PI 0} 2A0UI
sau(3ua ‘Zuisronas isnay) safedua
‘3upjoe) SuIjIAUD JO [O1UOD
$,0.L0Y sioyuowr Uik}, 10114 ¢
N S )
3[NpaYOs UOTBIIIIP
pue uond3fas jo arepdn
uondipaid 10} uonewione O LOY ‘S 0E 1~ ‘PIOYS21Y)
0) paads punoid ‘uomnisod paoeidsip ised
umopyonoj Jodas sIosudg 0S¢€ - 00€~ *20:00:C1 ré
umop

‘pioysaiyy | reald
paoeidsip ised | ulepy

007 00:00C] _

0 [[03 SI SE 1~
suigaq pue ‘umopyono) ‘JeAnaueu | ) oS - 09~ ‘Aemuna | orep

arejj syonpuod SulkJ 10[id | JO 38p3 ~ ‘pCi6S:11 XX

uofjewo)ny ‘I3[j0.3uo) uopewony OLOY 3uikyg 10N r011d ‘Buik|g 01d uoyyisoq
DLV 2@ WA 1MaID Wiy ‘paadg ‘ownry,  yuaay

LIXH AVMNNY ANV NOLLVIATADHA OLOY DILVINOLNY / ONIANVT TVANVIA
(AANNLIINOD) NOLLVINTNATWI OLOY JALLVINASAUdAY V 404 ANI'TAWLL LNJAH




*219 ‘$3[0BISqO

Aemunu 10j sayorem ‘paads
siojiuow , :a0ueping,, UONeIS[303p | N0 [[o1 JnoySnony)
puR joeI) $oAIasqo , Sutf}g,, 10[14 Ajenunuo)

i e

punoie-o
© 10j dn 135 0} 10 ‘Sunyeiq [enuew Jo
-0INe 0) uoIsIaAal e Sunuawsddns
Joj 10 3urddoss KouaSiewo
10J ISTUY) 3819431 [ONUOD 0) Apeas
St :3ursiaaal Jsnuy) pue Sunjelq
OINE JO 159435 SIONUOUI 'SIPIOIY} | 0O [fo1 JnoySnoay)
uo puey sdaoy , JuIf]q,, 10114 AJjenunuo))

T——

UONBIS[AIP 13O wIn) pue
Jo pue 3unjoen suIpIud jo jonuod | no [lo1 noy3nouy
snewoine siojuowr , Surdpy,, 10[1d AJrenunuo)

X3 pue
‘SuUOnNIpuod Aemuns
‘WY31om Jyerone

uo Surpuadap)
A dwoo S Y6~ - 1E1~
0) anssaid Junyeiq dopaaap ‘PIoysaxy) paoeydsip

sayelq ‘pueurnuod Juryeiq

1sed Y 0002 - 00p~
ojne sajeniul uotjiewiomne O L0Y

-61:00:2] - £0:00:C1

‘ST 8Z1~ - €E1~| UMOp
‘PIoysaxy) paoeidsip |  1ead
1sed )y 00~ - 05T~ | 9soN
'€0°00:21 - 10:00:Z1

uopswoNy ‘I3|j0.puU0) uopswoy OLOYU Buf1g 10N to1id ‘Buikly yopg uonisod
DLV QA Wi 1M1 ydiy ‘pradg ‘auiry,  juaagy

LIXd AVMNNY ANV NOLLVIATIOAd OLOY JILVINOLNY / ONIANV'T TVANVIN
{TANNLINOD) NOLLVINTWATJII OLOY JALLVINASAYdIT V 4OA ANI'TAWLL LNAAA

A-144



Anpqeded
wasAs ur adueydo Funynsai Joj
SIUNOJJE pue 3[pi 0) )3s Juraq

ST 0L~ - 08~
‘aj1joid uoneIaeoap

uo spuadap adurisip

$19519A31 JsUY) SPI03AI O LOY ‘9€:00°Z1 - 82:00:C1 |
S OL~ - 08~
0s op 0} 3jes Ji ‘paads punoid | ‘opijosd uoneIdpap
"SI (L 210J2q 10 Je 3519421 J[pi | uo spuadap aoue)sip
18 ISIIY) 3S19A1 8338 | WAL, 10[1d | ‘S€:00:21 - LT:00:Z] £l
UOTIBDIPUT JLILIOD-ILIN) JURLIOD
-dn $3A135qO0 pue ‘Bjep UOIRIS[IIIP
pue ‘paads ‘uonisod s1o)uowr ‘sand
Ioyio pue doueping yoen punoid ‘S13 QL dA0QeE IO
wiod win) 1X3 O LOY sannboe | je fixa uo spuadsp
Kjrensia man ‘(YA 'Y 00€ 20URISIP “(J18 18 J1)
se 100d se aq p[noo jey) suonipuod | £¢:00:Z1 - 00:00:Z1
jensia Sulapisuod) sfqissod j| 210J3q 101y A
pajeiouad B
are syndut jonuod Asojesuadwod
A1ess200u ‘ajel pannbax
0} paredui0d 9q 0) SaNUNUOD
uoneIa[a33p [enjoe ‘uonisod
1JeIdIle pue SOJRWHISS UOTIOL) Jjo wm) pue
Aemuna ynm washs O LOY N0 {jo1 1oy 3nom)
ap1a0Jd 0) anuUNUOD SIOSUIS Aj[enunuo) 11
(suuy) uonoeal oI
10j UOIEPOWIWOIOL JUIOS YiIm)
jutod Jurwod-wing Jo Aew)s9 N0 [j01 oy 3noay)
patepdn sauuuRlep O.LOY Ajpeotporiag ol
uonewony ‘I3jjonuo) uoyewony OLOY duih1g 10N 01id ‘Buiflg Io1d uonsoq
DLV O3 1y31g :mMax) w3y ‘paadg ‘ownyy,  judAy

LIXA AVMNNOY ANV NOLLVIATIDAd OLOYA DILVINOLNYV / ONIANV'T TVANVIA
HAINNLINOD) NOLLVINAWATIINI OLOY FALLVINISAUJIY V 404 ANI'TANLL INIAA

A-145



M3IO 0) JeIOUNUUR
st 93essaw Jo 3d190a1 sJomo |,

owuwon Jo H_:ovav_ioioa
(uyy eep e1a £jqeqoid)
SAILDIUNUIUIOD D LY

ot 5%

uonewionNe
DLV pue 1omo) ay) o) 9essow
.Aemuni jo xesD,, © (uij ejep
elA Ajqeqoid) sojedrunuwios
OLOY ‘(uonedsyLaA

uonisod Jo suesur JoY10 Jwos
10 §dD Aq pauruiio)op) Kemuni
oy Surresyo uodn Ajajerpouruy

uonewWoINy ‘I3joa3uo)
DLV

LIXH AVMNNY ANV NOLLVIATADAd OL
{@IANLLNOD) NOLLVINAWA'TIINI OLOY FA

uonewony OLOY
aq WY3ua

1d1302]1 93eSSaul JO uoneIouNuUe
S,0.LOY S9AI35q0 MaI))

POpa3u JI IA0 axe)
[enuew 10§ paredaid sy pue souepind

yaed yxa Jo unpoen sOLOY
lojuoul 0) sanunuod , 8wIALy, 1014

PIP3sU J1 1940 o3e)
0) Apeai SI pue YorI) JIX9 SIO)Uou
3ulfjyg, 10114 ‘yuiod win) J1xe 1y

Suif1y 10N 10014 ‘Bmklg rong
M) WY3Ng

1Xe) - S} 0§~ ‘NXd
uo spuadap souessip
2701 26:00:C1~
- L¥:00:

"SI 0L~ X2
uo spuadap aouejsip

-8€:00:Z1 - 2€:00:¢1

uonisod
‘paadg ‘ouny],

Od DILVINOLNV / ONIANVT TVANVIA
ILVINASHIdIT V 404 ANITAWLL LNAAA

A-146



s3uipue]|

pau1aA03-0 LOY (3e] puodas
0S~) 1uanbasqns ioj papaau

ST AemiIxa 210J3q ABMIIXD
18310 Jje1one ‘snje)s Aouednooo
Aem)xa jo Jomo ], suiojur
punolin) ‘1xe) 10j IOl Y}
SIB3]O 10 ABMIIX3 3Y) UO JjeIdNE

ey 10-Cl - LE- 10T
uey) Jo3uoj] ou 0}

R A e ) — L0102l "20-10el ] ¢c
Aﬁoac,.w_movxvao:a 10U
J1) Judswiuisse [RUIULId) ‘SUOKIONISUL
o 1XE) 10] [O1U0)) punolin
s1oe1u0d , Uik JON,, 10[1d ‘Aemirxa dois 10 paads 1xey
o uoniesojao0p feut Buing | 'g0:10:21 - Leiooiel | ze
1X®) 10J S\ro__uxnwuo_._m N — moﬁ
Jo uonedionue ug jyedre ay) 10 paads 1xe) - sy
SMO[S 1Y} 9[NPaYIS UOT)RII[IIP 0S~ 31xd uo spuadap
B S9IN03X3 unnol 1xs O LOYA ULISIP °0)
W .bwa_:.: ol mctaw—u e’ A - €5-00:¢1 - L¥:00-T] 1
uoljewojny ‘I3[jouo) uonjewoiny QOLOY Swiflg 10N 011 ‘Bukjy o uonisod
DLV W2 W3Ng 1MaI) W3iyg ‘paadg ‘owmyy  judsy

LIXd AVMANOY ANV NOLLVIATADAd OLOY DILVINOLNY / ONIANVT TVINVIA
(AANNLINOD) NOLLVINAWATIINI OLOY AALLVINISAUdAY V JOA ANI'TANWILL INIAH

A-147



REPORT DOCUMENTATION PAGE O npproved e
Public reporting burden for this collection of i ion is eeti d to age 1 hour per including the time for g i b hing existing dats
gathering intaining the data ded, and ing and reviewing the ion of inf L Send regarding this burden estimate or any other sspect of this
lection of ink including suggestions for reducing this burden, 10 Washingion Head Services, Di for inf: ion Operations and R 1215 Joity Davis
Highway, Suite 1204, Arlington, VA 22202-4302, and 1o the Office of Management and Budget, Papsrwork Reduction Project (0704-0188), Washington, DC 20503.
1. AGENCY USE ONLY (Leave biank) 2. REPORTDATE | 3. REPORT TYPE AND DATES COVERED
August 1996 Contractor Report
[4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Guidance and Control Design for High-Speed Rollout and Tumoff (ROTO) NAS1-19703
Task 7
538-04-13-02
6. AUTHOR(S)

S. H. Goldthorpe, R. D. Dangaran, J. P. Dwyer, L. S. McBee,
R. M. Norman, J. H. Shannon, L. G. Summers

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
McDonnell Douglas Corporation REPORT NUMBER
McDonnell Douglas Aerospace
Transport Alrcraft CRAD-9206-TR-1659

2401 E. Wardiow Road
Long Beach, CA 90807-4418

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
National Aeronautics and Space Administration AGENCY REPORT NUMBER
Langley Research Center NASA CR-201602

Hampton, VA 23681-0001

[11. SUPPLEMENTARY NOTES
Langley Technical Monitor: Richard M. Hueschen

Final Report

12a. DISTRIBUTION/ AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Unclassified - Unlimited
Subject Category 08

mmum 200 words)

A ROTO architecture, braking and steering control law and display designs for a research high speed Rollout and Turnoff (ROTO)
system applicable to transport class aircraft are described herein. Minimum surface friction and FMS database requirements are also
documented. The control law designs were developed with the aid of a non-real time simulation program incorporating airframe and gear
dynamics as well as steering and braking guidance algorithms. An attainable objective of this ROTO system, as seen from the results of
this study, is to assure that the studied aircraft can land with runway occupancy times less then 53 seconds. Runway occupancy time is
measured from the time the aircraft crosses the runway threshold until its wing tip clears the near side of the runway. Tumoff ground
speeds of 70 knots onto 30 degree exits are allowed with dry and wet surface conditions. Simulation time history and statistical data are
documented berein. Parameters which were treated as variables in the simulation study include aircraft touchdown weight/speed/location,
aircraft CG, runway friction, sensor noise and winds. After further design and development of the ROTO control system beyond the
system developed in reference 1, aft CG MD-11 aircraft no longer require auto-asymmetric braking (steering) and fly-by-wire nose gear
steering. However, the auto ROTO nose gear hysteresis must be less than 2 degrees. The 2 sigma dispersion certified for MD-11
CATIIB is acceptable. Using this longitudinal dispersion, three ROTO exits are recommended at 3300, 4950 and 6750 feet past the
runway threshold. The 3300 foot exit is required for MD-81 class aircraft. Designs documented in this report are valid for the
assumptions/models used in this simulation. It is believed that the results will apply to the general class of transport aircraft; however

15. NUMBER OF PAGES

14. SUBJECT TERMS
Runway Guidance and Control, Differential GPS, Rollout, Tumoff, 270
Runway Occupancy Time, Aircraft Ground Operations e PRicE S5
A12
[17. SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION |19, SECURITY CLASSIFICATION 120, iMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified

NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)
Prescribed by ANS! Std  238-18

296-102



